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ABSTRACT

This report summarizes the results of a study to determine the most practical
and economical methods for controlling oxygen, carbon dioxide, odors, trace gases,
and temperature-humidity in a closed underground shelter. The maximum time which
the shelter would be sealed because of the presence of external fires or chemical
and biological warfare agents was designated as 24 hours. An extensive literature [
and industrial survey of all types of feasible environmental control systems was

supplemented by experimental studies.

From a standpoi.t of cost, safety, reliability, and ease of handling the f
following systems are recommended:

1. Oxygen Supply - Breathing oxygen should be supplied by high pressure 1
gas cylinders equipped with a regulator and small flowmeter.

2. Carbon Dioxd- Removal - Lithium hydroxide, Baralyme, and soda-lime I
are best suited for controlling the concentration of carbon dioxide within a
fallout shelter. As an extreme minimal survival method lithium hydroxide may-
be employed in a static or passive system; however, the use of Baralyme or soda-
lime in a manual powered blower-canister system is recommended.

3. Odor and Trace Gas Removal - Certain undesirable gases may be produced
by human metabolism (passing flatus) or activities (smoking). Activated carbon
will remove most higher molecular weight contaminants but catalytic combustion
devices would be required if gases such as carbon monoxide and methane are to be

removed.

4. Temperature-Humidity Control - The optimal method of temperature-humidity
control in an underground shelter depends upon the particular shelter in question.
Temperature and humidity control systens, if required, should be custom designed
to each shelter or type of shelter.
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I.%
SUNMARY

Contract OCD-OS-62-56 (Project 1107) was initiated in March O and was
completed in April 1963. The project entailed the investigation and cost analyses
of atmosphere control techniques for use in closed underground &allout shelters.
Internally located, self-contained environmental control systems are required for
shelter atmosphere contol whenever the presence of nearby outside fires precludes
the supply of outside air to the shelter. Efvironmenta! contiol systems which
were evaluated included all conceivable types of oxygen supply, carbon dioxide
and toxic constituent removal, and temperature and humidity control. The project
was divided into four principal categories as follows: (1) study of man's
physiological environmental requirements, (2) engineering evaluation and anAlysis
"of all conceivable systems,,(3) experimental investigations of candidate systems,

_(4) application study for e~lection of the appiopriate'system for' articular..
shelter types.

1. 1. Environmental Requirements

An extensive literature study was conducted to determine human tolerance to
variations in certain environmental parameters. Oxygen content should ideally be
maintained at. 20 per cent; however, 12 per cent will sustain human life, allowing
for a-deorement in performance and capabilities. Similarly, carbon dioxide content
should ideally be controlled to less than one per cent, whereas concentrations as7 high as 4 per cent may be tolerated at the expense of lower performance ability
and higher oxygen consumption rates. For. purposes of this: study, oxygen consum tion
was "asaumed'to be one cubic foot per hour and carbon dioxide production rate 0.95
cubic '.'foot per hour for each person in the shelter. An effective temperature of
72s? is' ideal but 85"F was established as the tolerance limit.

II 2.' Engineering Evaluation

The engineering evaluation was divided into four phases as indicated below:

SOxygen Supply - Methods which were evaluated include both cbemical and A
mechanical storage, and the chemical recovery of oxygen from carbon dioxide.
Examples of the latter method are the use of green plants such as algae to effect
photosynthetic recovery, or the hydrogenation of carbon dioxide to form water
wnich is subsequently electrolyzed to produce respiratory oxygen. Chemical
storage methods utilize compounds such as hydrogen peroxide, calcium peroxide,
putassium superoxide, sodium superoxide, chlorate candles, and salcomine. Mechani-
cal storage of oxygen in both the liquid and gaseous forms were evaluated.

1. iii.
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From a standpoint of safety, reliability, and ease of handling it was found
that breathing oxygen should be supplied by either chlorate candles or high pres-
sure gas cylinders equipped with a regulator and a small flowmeter. Since the
gas cylinder method is less expensive than the use of chlorate candles the former
method is recommended unless the shelter is a very small one occupied by less

* than five persons.

u Carbon Dioxide Removal -. Methods which were evaluated include:. (1) Solid

such as anhydrous lithium hydroxide, silver oxide, soda-lime, Baralyme, sodium
and potassium superoxideý (3) Liquid Absorbents such as alkali hydroxide solu-
tions, alkali earth hydroxides, alkali carbonates, ethanolamines, Alkazid M,
sulfates, and waterp; (4) Mechanical Techniques such as freeze-out and diffusion
methods.

These studies showed that three solid'absorbents; namely, lithium hydroxide,
Baralyme, and soda-life are best suited for controlling the concentration of
carbon dioxide within a closed fallout shelter. The anhydrous lithium hydroxide
has been natlonelly advertized as a material to control carbon dioxide in shelters /11
under the trade name,. Granlox. All three absorbents were tested during the,
experimental phase of this project.

* Toxic Trace Gas Control_- These gases may arise from human metabolism (passing g
flatus) or certain activities (sroking). The engineering evaluation indicated that
activated carbon will-remove most higher molecular weight contaminants. For con-
trol of gases such as methane or carbon monoxide catalytic combustion or Hopcalite
units are required.

Temperatuxe-Humidity Control -. All types of methods were considered including I
passive techniques such as thermal bus bar!s, chemical methods employing desiccants,
use- of proximate well uater, and mechanical refrigeration techniques such as vapor
compression systems' absorption systems, and air cycle systems. The optimal method
for temperature-humidity control in a fallout shelter depends upon the particular
conditions experienced at eah shelter. For instance, if well water were available
for cooling then a desiccant could be employed for humidity control. The use of a
desiccant alone, howeverr, would increase the effective temperature even.though
the relative humidity were decreased. Conversely, the use of well water alone
would limit the minimum dev point which could be obtained.

3. •ExerimentalInvestiELiomns

The engineering analyses indicated the theoretical superiority of lithium
hydroxide, Baralyme and scda-lime over other types of carbon dioxide removal
techniques. Hovever, the literature and industrial survey failed to uncover
sufficient experimentally detormined performance data upon which application ,1
specifications could be based. The experimental phase of the project, therefore,;
was concerned with evaluating the practical effectiveness of the following carbon
dioxide removal methods: .

iv



Io

I
(a) Use of anhydrous lithium hydroxide crystals employing

static or passive techniques.

(b) Use of either soda-lime or Baralyme in canisters in dynamic
(blower) systems.

The tests indicated that: (1) the lithium hydroxide crystals (Granlox)
3' possessed an excessive tendency to dust and that the performance capabilities

of static absorption techniques were impossible to predict accurately; (2) the
use of Baralyme and soda-lime in canisters was entirely satisfactory. In addi-
tion, these experiments provided information which was used to obtain preliminary
optimization data for dynamic carbon dioxide absorption systems.

4. Results and Conclusions

I Development of convenient and inexpensive dispensing and manifolding equip-
ment for oxygen cylinders is required. The presently available equipment is not
only too expensive but too complicated for use by the average citizen, especially.

-during periods of high emotional stress.

The passive or static use of any carbon dioxide absorbent is not recommended,
*except as an extreme minimal survival measure, because of the difficulty of. assur-.

ing the adequate performance of this method. Lithium hydroxide could be used in a
dynamic (blower-canister) system but both soda-lime and Baralyme are less expensive.
"Therefore, the use of soda-lime or Baralyme in hand-powered, blower-canister systems
i's advocated for carbon dioxide absorption in closed 'shelters. Further design data
is required in order to accurately size dynamic systems (or static systems if cost
prohibits the use of dynamite systems). This data must be obtained by prototype
fabrication, test, and redesign.

Temperature and humidity control techniques, if required, should be.custom
designed to the particular shelter or type of shelter in question. An experi-
mental investigation on the adaptability of air cycle refrigeration systems to
fallout shelters is highly recommended. Air cycle systems may be particularly
* well suited for use in fallout shelters because of their high intrinsic reliability

eV after long periods of infrequent use, and freedom from the possibility of refrig-
erant leakage.

SThe chart on the next page is a synopsis of all available relevant costs for
providing various degrees of environmental control for fallout shelters. As shown,
the total per person cost varies with the type of components and materials selected
and with the size of the shelter. Per person costs are, in general, lower for
larger shelters and higher for smaller shelters because of quantity purchase dis-
counts and more favorable distribution of fixed costs.

i "
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SUMMARY OF PM PERSON COSTS FOR 24 HOURS

Oxgn10-Man 100-Man 1000-Man

Chlorate Candles $16.00 $12.00 --- $12.00
Cylinder, gas, and flowmeter 8.45 5M00 4.23

C Removal

Anhydrous Lithium Hydroxide $14.00 $12.00 $12.00
Baralyme or Soda-Lime 3.80 380 3.80,

With Centrifugal Hand Blower 6.80 5.80 5.50
With Positive Displ. Hand Blower 8M80 8.80 8.50

Additional Cost .for Electrical

Trace Gas Removal

Activated Carbon $ 0.35 $ 0.35 $ 0.35
Catalytic Burner * 6,00 4.50
Hopcalite **

Temperature-Humidity Control

Well Water
Desiccant $ 0•32 $ 0.32 *
Vapor Compression System * 12.00 $10.00
Air Cycle System **

* Not Recommended
•* Information Presently Unavailable.

V
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SECTION 1

-INI'ROUCTION

11Background

During World War tI large numbers of people lost their lives in bombingattacks due to the effects of mass fires, .even though they were seemingly
protected in air raid shelters. Even before the introduction of at~omic weapons

at he nd f te wr-mass fires were a frequent cause or death duringýbombings. -A good example of this was the mass fire created in Tokyo on March
9, 1945 which destroyed an area or 16 square miles andecaused more than 80,000
deaths and more than 100,000 in~juries, perhaps more than in Hiroshima and
Nagasaki combined. (Ref. l*-na fire raid. on Hamburg on July"27, 1943,, two-thirds of all the buildinigs'within a 5 square-mile area were ablaze within .20
minutes. Within-a few hours the fire had begun to run out of fuel and .Me down

althougb the hot rubble heaps made large areas u±napproacbable for severaldays. (Ref. 2)

The greatest number of deaths in these areas oc6curred in basements orL - makeshift shelters.- Since the posit ion of the corpses indicated that death
camepeaefuly nd nexectdlythecause of death has been attributed to

one or more of the following reasons:

1. Carbon monoxide poisoning resulting from. large- amounts of the.,lethal.
gas created by the fires being drawn into the shelters.

2. Asphyxiation.resulting from the depletion of oxygen either through.
conversion to carbon dioxide-or by suction created within the burning area.

3. The effects of inhaling hot blasts *of-air drawn in by the shelter
ventilation system.

V 4. Roasting of the shelter occupants as a resualt of conductive heattransfer into the shelter.

Although much of the evidence of cause of death in wartime shelters is
ambiguous it is known that mass fires may very well create large-amounts of.
carbon monoxide in the area. Very small amounts of this gas are lethal (see
Section 2.1) and may be present in the fire-area for long periods -of time,
especially if smouldering rubbles exist.

It is doubtful that the amount of combustible material present wouldIiconsume quantities of oxygen of significant proportion to cause a dangerous oreven noticeable decrease in oxygen content of ambient air. Also, tests have
failed to indicate anything but a slight drop in pressure due to mass-fires. Z

" Ii
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The heat created by mass fires is a dangerous factor to inhabitants of
underground shelters only by way of the ventilation system. As little as three
feet of surrounding earth reduces the.heat transfer from external fires to the (V

Sshelter environment such'that any temperature rise in the shelter environment
is negligible unless the fires persist for unusually long periods. Direct.
intake of hot "ventilatingl air into the shelter 'could be a direct caus6' of II
"death to the shelter inhabitants.

In View of the foregoing it becomes obvious that the most expeditious means
of protecting the inhabitants of an'underground shelter frod the effects of

external mass fires is the shut-down of the ventilation system and closure of
the intake. An alternate to complete closure is the intake of external air
from a remote location which happens to be reasonably cool and free-of dangerous
gases. Closure may also be required-to protect against biological and chemical
warfare.

This closure creates internal environmental hazards which m•t•,,be eliminated
by special internal equipment.-: These dangers and the operating .requirements for
the- environmental control equipment are described in the next sectioni

1.2 Program Objectives

The objectives of the program were to det/nine the optimum method for
controlling the internal environment of a sealed undergrotund shelter; either by
the incorporation of self-contained environmental control systems, 'or by the
intake of safe air from some remote location. The environmental control sat(s) I
recommended must be economical, safe, reliable,' simple to use1 and re'4uire.
.. ihimal, if any, power. T'e system capabilities must include the provision of
breathing oxygen, the removal of carbon dioxide and other harmful gases, and
(in certain cases) the control-of temperature-humidity. The smaximum duration
of operation for the system(s) was designated as 24 hours. .

The program .was divided into three phases; namely,, an engineering analysis
.phase, experimental evaluation phase, and an application study phase.

1.2.1 Engineering Analysis Phase

This phase-consisted of a comprehensive review and-Survey of all environ-
mental control systems which could be applied to sealed shelters. The analysis
compared the practicality, present cost, and availability of each system.- Also
investigated in this phase was the present capability of industrial production
facilities to produce the required equipment and chemicals. This information fl
was employed in determining whether or not extensive expansion of modernization .4
of production facilities would be required.

iI
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The engineering analysis included a study of power requirements for each
candidate system. Also 'datermined was whetbek modifications would reduce or
eliminate the need or. p•er. An energy balance 6f candidate .systems was made
to determine the amount of waste heat generated and its effect on the shelter)i environment- "

The weight and volume requirements ofrpronising;} systems ere ascertained
to indicate if modifications could be made without decreasing effectiveness-
and maintainability and without increasing the cost.

The candidate systems were evaluated for ease of maintenance, safety,

[ ease of repair, shelf-life and overall reliability..

-Suggestions for improvements in the above categories were also made.

1 .1.2.2 Experimental Study Phase

"" During the. literature survey it Vas fbund that information concerning the-
:I .performance characteristics of several carbon diokide abeorbents was- lacking.

Therefore, the expbrimental study phase was concerned with obtaining sufficient
performance data upon which preliminary.designs-of the recommended systems

1. could be based. This information was then. incorporated in the.application
p~hase.

1.2.3 Application Stud

With the completion of ,the engineering analysis and experimental phases,
the data obtained"was 'correlated and reduced to determine the best present
system or systems for 10-, 100-, 'and 1000-man shelters. In each category, the'
cost, volume and power requirements 'wer 'ededuced on a per person, basis.

:Schematics of these'systems are also included and recomnendations' are ma.e for
. . ""improvement of present system components' andoequipment. '

|3 ." 3,



SECTION 2

ENGINEERING ANALYSIS,

2.1. EnvironmentalRequrements I

* To sustain human life over an extended period of time* within the confines
of a sealed shelter certain internal environmental parameters must be controlled
between-the limits of physiological tolerance. These parameters inpilude the
following:1 (1)-oxygen~content, (2) carbon dioxide content, (3) leVl of odiferous
or toxic trace gases, (4) temperature-humidity. This section stipulates the..
physiological tolerable levels of these factors, and the rates at which human
metabolism changes these parameters.

2.1.1 Oxygen and Carbon Dioxide

During normal breathing a man utilizes about 15 per.cent of the vital ,
capacity of his lungs euring each respiration. Also, man's rate of respiration
may be" increased over his zting rate of approximately 17 (or less) respira-
tions per minute by a factoi of four. Thus, man's lung ventilation flowrate may
be increased.by an overall factor of as much as 25 in times of physical or
emotional stress. (Ref. 3)

In normal individuals there exists a fairly constant difference between I
the percentage of oxygen concentration of inspired air to that of expired air.
This value is termed the oxyen utilization oefficient ad varies from 4.6

* per cent, at rest and may be increased by About 0.5-per cent in moderate
exercise. (Ref. 4). It is a measure of the oxygen actually transferred by the
alveoli to the blood stream for the subsequent oxidation of various materials -

in the body.

As the oxidation occurs during body metabolism the body tissues, in turn,
produce a quantity of-carbon dioxide. Venous blood contains more Carbon dioxide
but less oxygen than arterial blood. In its passage through the lungs, oxygenii
goes into the blood and carbon dioxide passes out of solution. The ratio of the . .
volumes, CO -0 which are exchanged in a given time- is called the resp•rator
.quotient, ad is normally equal to approximately 0.65. (Ref. 5) This ratio
varies according to the nature of the materials subjected to metabolic combustion:-
in the body and to other conditions.

* The length of time during which closure will be required .is impossible to

predict. All calculations in this report relating to closure are based on an -
estimate of 24 hours.
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The listing below gives a rough average of the concentrations of oxygen,
nitrogen, and carbon dioxide in inspired and expired air. (Ref. 6) The
relative volume of nitrogen is slightly greater in expired air due to the
removal of a certain amount of oxygen,.without a proportionate increase in the5 production of carbon dioxide. In this table, 'he oxygen utilization coefficient

-. is calculated as 4.55 per cent, and the respiratory quotient is 4.06/4.55 equal4. to 0.89.'

Inspired Air. Expired Air

02 20.95% 16.4%

• 79.01% 79.5%

1CO 2  0.4% 4.1%
On a mass basis, the. amount of oxygen .,atilized by man doing light work

during a 24-hour-period is approximately 2-ibs, although this value may vary
j greatly dependent upon breathing volume and rate. On' a volume basis, assuming

17 respirations per minute, 30.5 cubic inches inspired per respiration, and an
oxygen utilization coefficient of 5 per cent, approximately 0.9 cubic feet of
oxygen are consumed per hour (STP). Assuming a respiratory quotient of 0.85,
approximately 2.3 lbs of carbon dioxide would be produced in one day or 0.76
cubic feet per hour (STP).

Depending upon the shelter volume per inhabitant, the oxygen cQntent
decreases and the carbon dioxide content increases with time as shown byvFigure". (Ref 7)

Reduced oxygen content in' inspired air results in a lack of oxygen in the
body known as hypoxia. The effects of increasing degrees of hypoxia are listed
in Table 1. (Ref. 8) The physiological effects of increasing amounts of carbondioxide in inspired air are listed in Table 2. (Ref. 9). These tables and.
Figure 1 show that carbon dioxide content approaches physiologically' dangerous
levels at a faster rate than does oxygen.

1It is noted that increased carbon dioxide tension in the blood reduces
eoxygen-retaining power of thehemoglobin and also is the determining factor

"in controlling the depth and rate' of respiration. The respiratory center is
sensitive to an increase of 0.2 per cent in carbon dioxide content of inspired
air. The lung action is doubled when inspired air Contains 3 per cent carbon
dioxide. Oxygen content on the other hand can be drastically reduced without
affecting the depth or rate of respiration. For thid reason, hypoxia is a more
insidious danger than carbon dioxide narcosis.

A! 5



9 d d d

z! "SRI-

.~L .. L. .. L A~L .&.LL.~L ~A LL .LLL...Jill1 1

__ __- 
- ~IlIiI

00

-- 01* -11I--

-r'--

NO Z4 L;4

fu T-a-lu.



TABLE EFIECTS O OXYGEN DEFICIENCY

Oxygen Content of
Inhaled Air, Per cent 3ffects

20.9 No effectsj normal air

15 No immediate effects

Dizziness; shortness of breathj deeper
10 and more rapid respiration; quickened

pulse, especially on exertion

. 7 Stupor sets in

5 Minimal concentration compatible with
life

* j 2-3 Death within a few minutes

TABLE 2 EFFECTS OF CARBONDI0XIDE -OXYGN COWNZT NORMAL

Carbon Dioxide Content

of Inhaled Air, Per cent f

No effectsj normal air

2.0 Breathing deeperj air inspired per
breath increased 30 per cent.

4.0 Breathing much deeperj rate slightly
quickenedj considerable discomfort

455Breathing extremely labored; almost
unbearable for many individualej
nausea may occur

7-9 Limit of tolerance
10-11 Inability to coordinate; unconsciousness

in about ten minutes

15-20 Symptoms increase, but probably not
fatal in one hour

Diminished respiration; fallout of
25-30 blood pressure; comaj loss of reflexesj

anesthesia; gradual death after some
hours

7
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2.1.2 Odor and Toxic Gases

The most Immindnt danger to shelter occupants from surface fires is carbon' i
monoxide poisoning. It is rapidly effective since it combines with hemoglobin
forming CO-hemoglobin and its affinity to c6mbine is 300 times as great as
oxygen. The blood is therefore deprived of its oxygen carrier and the person U
dies of asphyxia. Table 3 shows the effects of various concentrations of carbon
monoxide in the shelter environment. (Ref0 10) However, if ideal functioning
of the ventilation sealing system can be assumed, the major source of carbon ) (
monoxide is eliminated. Section 2.3.1, Odor and Contaminant Control, includes
a list of maximum allowable concentrations of various other gases which could
be encountered in shelters. -1

TABLE 3

EFFECTS OF CARBON MONOXIDE

Carbon Monoxide Content E c
of Inhaled Air, Per cent

0102 Possible mild frontal headache after
three hours

0m04 Frontal headache and nausea after one
to two hours; occipital (rear of head)
headache after two and one-half to
three and one-half hours

0.08 Headache, dizziness, and nausea in
forty-five minutes; collapse and
possible unconsciousness in two hours fl

0,16 Headache, dizziness, and nausea in
twenty minutes; collapse, unconscious-
ness and possible death in two hours H

0,32 Headache and dizziness in five to ten
minutes; unconsciousness and danger
of death in thirty minutes

0.6 Headache and dizziness in one or two
minutes; unconsciousness and danger
of death in ten to fifteen minutes

1.28 Immediate effect; unconsciousness and
danger of death in one to three minutes

8
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2.1,3 Temperature and Humidity

Sources of heat within an underground fallout shelter include the following:

1. Metabolic heat from the inhabitants-

2. Heats of reaction from chemicals used for oxygen supply,
carbon dioxide absorption, desiccation, and trace gas removal.

3. Heat loss from internal equipment such as motors, lights,
food warmers, etc.

The total rate at which het is generated in the shelter environment from
these sources is largely dependent upon or proportional to the total number of

7 inhabitants occupying the particular shelter.
I

Human'health and efficiency depend greatly on the body's ability to
dissipate metabolic heat. To reject heat to the proximate environment the
body utilizes-the heat transfer modea of convection, conduction, radiation,
and evaporation. Metabolic heat which is not rejected must be ptored and
reflected by a change in body temperature. These relationships may be expressed
by the mathematical model,

Q.SQM + ~QR QC

I As shown, stored heat may be either positive or negative, depending upon whether
body temperature is increasing or decreasing; metabolic heat is always being
produced; evaporative heat i's usually positive, because body surface temilrature1 is usually higher than the air dew point temperature; radiative heat tr.nsfer
may be positive, or negative depending upon the surfgce temperature of the
shelter walls dnd proximate objects; convective heat transfer may be positive
or negative, depending upon whether the body surface temperature is higher than
or lower than air dry bulb temperature. (Ref. 11)

0. •nder normal conditions (sedentary activ ty, wall and air temperature ofIO 70F - 5F, relative humidity of 50 per cent.- 10 per cent, air movement of
25 fpm) deep body temperature remains relatively constant at approximately
98..6F and 400 Btu/hr of metabolic heat is rejected to the proximate environment.
(Ref. 12) Since body surface temperature under these conditions is about 850F
most of the metabolic heat (about 300 Btu/hr) can be rejected by convection.
The remaining 100 Btu/hr is accounted for by the evaporation of about 0.1 lb/hr
of water from the skin and lungs (insensible perspiration). (Ref. 13)-.f exposed
to lower air temperatures the body will attempt to preserve the internal tempera-

* ture and this attempt is reflected in increased convective heat losses (about
j 500 Btu/hr at 500F). Evaporative heat losses due to insensible perspiration

-I:. remain the same. If air temperature is increased the convectivb heat rejection
must unavoidably decrease. The body then begins to utilize the powerful evapora-

* tive heat rejection method of sensible perspiration. At 950F, for instance,

1 9
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convective heat losses are about 50 Btu/hr and evaporative heat losses are about
350 Btu/hr. Figure 2 presents these relationships graphically, (Ref. 14) for
the average person. These data are, ofecouree, subject to wide variations with
respect to size, weight, diet, activity, amount of clothing, etc.

Combinations of temperature and humidity can be tolerated for various times
of exposure as s•own in Figure 3. The shaded area indicates that certain appro-
priate combinations of temperature. and relative humidity ranging from 57 to 940F
and 10 to'100 per cent can be tolerated indefinitely. (Ref. 15)

Table 4 presents a summarizaticn of the latest studies related to the
effects of extremes in temperature and humidity on human subjects in shelter Ii
conditions. (Ref°. .6)

There are many common substances which, although not harmful in-ordinary use,
become potential dangers in nonventilated spaces. Cleaning agents, solvents,
degreasers and dangerous refrigerants such as carbon dioxide should be eliminated.
Such items as ammonia solution cleaner, pressurized shaving cream and similarly
activated dispensers, mercury thermometers, cigarette smoke, and carbon dioxide
fire extiflguishers are very subtle hazards. (Ref, 16)

Certain odors are probably more psychologically harmful then physiologically. |I
Perspiration, wastes, and other human metabolism products are important members
of this group. Cooking and food decomposition odors would be distressing after
extended exposure.

TABTE 4

ACCEPT'ABLE, AM TOLURALE TIMZ= I MILWITS FOR
HEALTHY PEOPLE AT REST PROPERLY~ CLOTHED'I

Limits expressed in terms of Effective Temperature ( .T.) which
is the temperature, of saturated air with minimum air movement-

Lowest temperature endurable in cold weather
for at least two weeks in emergencies 350 E.T.

Possible Chilblain, or shelterfoot 35-50 "

Lowest acceptable for continuous exposure U
Manual dexterity may be affected 50

"Optimum" for comfort, with 60% relative humidity 68-72

"Perspiration threshold. Acceptable for continuous exposure 78

Endurable In emergencies for at least two weeks.
Possible heat rash in prolonged exposures 85

Possible hdat exhaustion in unacclimatized people 88

Possible heat exhaustion in acclimatized persons 92 "

Sii,
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2.2 Oxygen Supply

•I Oxygen can be supplied to a sealed environment by releasing it from bulk
storage or decomposing oxygen-rich chemicals. Bulk oxygen is contained either
in high pressure cylinders or in the liquid state. These are considered as1 mechanical methods since no chemical reaction is involved. Chemical methods
include decomposition by reaction, heating, or electrolysis.

2.2.1 Mechanical Methods

- 2.2.1.1 High Pressure Storage - Oxygen may be stored in steel or
Fiberglas containers. These may be obtained in various sizes and pressure
ratings. The advantage of higher pressures is high density.storage: and..thus
a smaller storage volume. The present high cost of Fiberglas cylinders eliminates[ them from further consideration for shelter.

Steel cylinders can be obtained for 10,060-psi service;"however, the
commercial gas cylinders are pressurized to 2400 psi.' Special size cylinders
are available from'high pressure vessel manufacturers. The common commercial
size contains 244-250 cubic feet (STP) of gas which is used to supply oxygen
for medical and industrial applications.

-Table 5 is a list of readily obtainable oxygen cylinders. These prices
and sizes are based on data from the Matheson Company. Similar cylinders Are6

SI available from other compressed gas firms. Normally the cylinder charge is a
deposit which is fully refunded if the cylinder is returned within 30 days.
However these cylinders will be stored for an indefinite period of time so they
will have to be purchased by the oxygen consumer.

TABLE 5

OXYGEN CYLINDER DATA (Ref. 17)

Matheson Pressure Gas Cylinder Total Voi. Gross Dimensions Man-his
Cylinder (psi) Cost Charge Cost ft wt. Supply
Size (STP) (lbsy

-iA 2000 $6.00 $44.00 $50.00 244 151 9"dia x 52" 244

2 1600 4.90 35.00 39.90 70 73 8" x 27" 70:
3 1600 3.65 26.00 29.65 28 32 6" x 21" 28
4 4 1600 3.10 21.00 24.10 i0 16 4" x 14" 10
LB 1600 1.00 7.00 8.00 2 4 2" x 15" 2

13
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The -:ylindirs se.u be purchased directly from a steel fabricator. Below are
listed the prices of a typical cylinder manufacturer, Harrisburg Steel Company. N

Size CapacitLy ST.P) Price (100-299 cylinders)

220 cubic feet $ 34.85 H
300 42.15

..4o 63.35 H
1500 224.00 (1 cylinder)

1770 262.00 (l cylinder)

These cylinder prices inczlude the ,-ollar and cap. The valve is an extra $2.B5. .

There is little cost dif..erei"c. if the gas is supplied from a few large j
cylinders or several, smaller ones. The small cylinders have the advantage of
ease of handling whsreas one or ti.m large cylinders would not need a manifold
and offer a space savings. The final decision will probably be based on the:
shelter design.

A manifold,, reglator, and flow inetor assembly.are recommended to control
the flow rate of ,'xygen although. In an emergancy the cylinders can be opened
without a regulato~r attached to them.

The pric.Ipsl haz',, involvcA In the use of hfgh pressure oxygen is that
if a cylinder is knocked downr- th 'al~te may be broken off and the cylinder will
become setf-prop(-l..'.et. If the cylinder is properly secured, there are no hazards
involved In openlag the va.ive ard, letting the oxygen into the air, however,
combustible mater.isls such a.3 lubricants .hould not be stored near the delivery
system,

P.t1.2. Liquid Oxygen St _ragv - Oxygen may be stored in the liquid I)
state. The liquid y has the A.dvantage of storing large quantities of oxygen
in a small volume becnuse the liqui, hts a density of 71 pounds/ft3 at -297F,
(Ref,.18) Oxygen gas whih - j .- ,:.•_.aed. to. 2000 psi has a density of approxi- f.
mately 10.6 pcU'is/t 3 . Liquld oxygen cy]ind(ers also have the advantage of I

storing oxyge;n at loww.•r esares; however,cylinders for liquid storage must be
well-insulated t," deauease evaporation of the oxyygen, Dewar vacuum containers -

are usually used for thMs purpose. K

The vrlImary ,bju'zt,. to tthe ttquid ý.xygen system is the problem of poor
shell life. In s._sl containeus (5000 f•- of gas STP) the daily boil-.off is

fr. 4 to 6 per cent of the .6meirlng oxygen. In large containers (50,000-100,000
ftP of gas SUP) t;he boil-off:: .an be ret!iced to 1/2 to 1 per cent of the remaining
volume. If a 5-per .-.ent bo'.off rate is assumed 40 per cent of the original
oxygen will be lost aftsl, 10 days. :If the boil-off rate is decreased to 1 per U
cent, 40 pe:: cent c± the gas will t:f los_ iP. 51 days.

• . .. . .. - q A~l~•I1?
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Figure 4 is a chart showing the per cent by volume of gas lost for various[boil-off rates. The need for frequent replenishing of the oxygen is apparent
-even though a small boil-off rate can be obtained.

SLidqtAid oxygen storage presents greater handling difficulties thAn-,high
I pressure cylinders. Contact of the liquid with human tissue causebaq±bu.2

damage, and contact with combustible materials such as oils creates Oil
explosive hazard..

2.2.2 Chemical Methods of Oxygen Production

2.2.2.1 Chlorate Candles - Chlorate candles have been in existence
for 30 years. Several German patents in the 1930's describe the development
of a system iiCch supplies oxygen from the decomposition of alkali metal
chlorates or perchlorates. later the British evaluated the method. as a possible
means of oxygen supply for submarines but discarded the idea-because chlorine
was produced in hazardous concentratIons. fn 1943 the U. S. Navy becameI-n interested in dhlorate candles and work was initiated to develop a sAtisfaotory
candle. Candles can now be produced which have a safe level Of chlorine
production.

-A typical formulation of a sodLium..chlorate candle is3 (Ref. 19)

NaCIO 80 per cent by weight .

3
' powdered iron 10

powdered Fiberglas. 6

Ii 100
Oxygen. is produced according to the reaction;-,.

'1NAClO -4 NaCl +3/2 02

A small portion of the oxygen produced is used to oxidize the iron vw:hi .
.,-in turn supplies the heat to sustain the reaction;

r 21e + 02 -4 2FeO .

Since a small amount-of chlorine is also produced from the-decomposition
of chloratesi, barium peroxide is added to replace free chlorine with oxyen,.

~* : 4NaClo - 2Na 0 + 2C1+50Na03 2 •N• ,•12 + 502.

"Ba02 + C•l2 - 0 BC 2 + 02

F 15
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The barium peroxide will hold the chlorine level to 5 plm or below. The
liberated gas is then passed through a 'bed of Hopealite which further reduces
the chlorine level to 1 ppm. (Ref. 20) This is considered to be a safe
level. (Ref. 21)

.The Fiberglas is added to serve as a binder because the reacticon takes
place at a temperature above the melting point of the chlorate. .Before-the
Fiberglas is added in the formulation, it is baked to 750"F in order.. to remove
volatiles.-which would form carbon monoxidei

The temperature of the reaction is from 1360 to 15000F. Temperature can
- be controlled by varying either the percentage of the iron or barium peroxide

in the formulation as shown in Figure 5. For a given composition and geometry,
temperature will influence the rate of reaction. The rate of decomposition of
KClIO 4 is increased by factor of 1.6 for each 18'F increase in temperature.
(Ref. 2E)

- Candles are generally made by molding or casting. In the original method
the dry ingredients were mixed with 5 per cent water, molded at 5000 psi and
dried at 2120F. In the casting method, the mixture is heated until the chlorate

melts (491'?) and poured into ,olds of the desired shape. A cast candle has a
higher density- than a molded candle and thus will produce more oxygen for a
given volume of candle.

I.-Method Produced Approximate Density (Ref. 2l)

Cast .. 2.45 g/cc

Ii--Molded' 2.0-2.2 g/c'c

Approximately 1000 Btu are produced for every pound of oxygen liberated.
(Ref.•24).. This amounts to 83-100:-Btu per man-hour. ,

The candles are available either as self-contained units which include the
C ignition system and the- filters or as a candle which is burned in a spedlal

furnace. -A diagram of each of these types are shown in Figures 6 and 7.

Candles which are burned in special furnaces are usually part 'of permanent '-
installations where there is a continuous demand tor oxygen. An example of-this
application would be aboard a submarine.

A small family-size chlorate candle is under development by Mayvood.Chemical
Works which would supply sufficient oxygen for 48 man-hours. The cost of this
unit should be approximately $10, plus $12 to $15 for the burner, so that the' .

"cost per man-hour would be about $0.50. The unit is self-contained and can be".
operated by following the directions on the unit. -

17



Cast Candles
M~ass 7% 1

3m. f+ h0.12  93%
8W -1472

A-Ti

Percent iron

Fig~ure 5 EFFECT OF BARIM PEROXME AND. IRON ON
MAXMUM TW4PEATURE ATTAINMh WITHIN CANMLE (Ref. 25)
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A large self-contained unit• is available from M.S.A. Research Corp.- This
-. candle llberatps 90 ft3 of oxygen over a period of 50 minutebS that is at a

rate of 108 ftJ3 hr.- Since the rate of oxygen consumption is from 0.9-1.0 ft3
per man-hour, this size candle would only be economically suitable for 100-person
shelters or ia~ger. The cost of the candle is $60.00 so per man-hour the cost

"-would be $0.65 to $0.70. This candle is very easy to operate. .. "

The submarine chlorate candle furnace may be considered for shelters with
a capacity of lO1 perspons or more.-

A furnace which buz'ns-round-candles and liberates 120 cubic feet of oxygen
per-candle is now manufactured. A newer furnace design burns square candles.
These candles liberate~l5O cubic feet of oxygen. The production rate of oxygen
is arproximately 150 cubic feet per hour, thus one furnace would support approxi-
mately 150 persons.

costs

The cost of -dther the round or square furnace is $2000. The cost of a
round candle, which has the capacity of 120 cubic feet of oxygen is,

Quantity Price per Candle

1-11 $25.00

12-14322.50

,44-499 21.00

* 500 and over 20.00

The cost of the larger square candles was not available at the time of writing
this report. This data is based on information from MSA Research Corporation,

All of the mentioned forms of chlorate candles have excellent shelf life.
Candles have been stored for 15 years and petformed satisfactorily. Also they
can be operated over a wide- atmospheric temperature range. In the range fram
-671F to 770F, the change in oxygen prcduction is approximately 0.003 cubid
ft/mzinF. (Ref. ?6) The chlorate candles deliver close to 34 per cent of their
original weight as usable oxygen.

The self-contained chlorate candles are considered safe and easy to use by
an untrained person.:.

0
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The furnace and candle assembly, -on the other hand, .should be maintained
by a trained or mechanically competent person since the furnace needs attention
when the candles are changed. The furnace can rtach temperatures up to 800F
with continued use, so there is danger of burns if someone were-to •e013C• ncon-
tact VithtjA.. ,

2.2.2.2 Su-erxides Since the early 1930's, superoxides have been
investigated for the purose of supplying oxygen and absorbing carbon dioxide
from a gealed. enviroment' The prjmary field of interest was the atmospheric
c-ontroI abd&rd submarines; however, superoxide was considered unsitisfadtory-..

.because of the material's explosive nature when it comes in contact with hydro-
carbons, other'organic chemicals ,or combustiblesfbstances. The material is
currently being investigated as an oxygen source for both submarines'and manned
space vehicles.

.Potassium superoxide is manufactured by the NSA Research Corporation..
Molten potassium is sprayed into an atmosphere of dry air and-the superoxide
is formed as a canary yellow "fluff". .-This material in cempacted, crushed and
screened to the desired granule' size. The 2-4 mesh material which is normally
used in breathing. apparatus has a bulk density of..41 lbs/ft . Theoretically,
potassium superoxide will liberate 34 per cent of its original weight as oxygen.-_
The guaranteed available oxygen is 32 per cent'. (Ref. 27)

The basic equations for the reaction can ,.e written,

1. 21D 2 + H2•0---; 2H + 3/2 02

2a. 2WH + ---- > 3 + U20 or

2b. 210DH + 2C0 2  i 2K50O3 3'

"As explained in Section 2.1 of this report, the reactions should maich a
respiratory quotient of 0.82. A combination of equation 1 and 2a match and
R.Q. of 0.67 and the combination of equation 1 and 2b match and R.Q. of 133..
The following equation matches an R.Q. of 0.82.

3. 202 + 1.23C02 + 0.23H2 0 - 0.77 X,2003 + 0.146 mKm3

+.3/2 02

-These equations indicate that water is necessary-if the reaction•"ois t--o .
take place.. Uperiments conducted by MSA Research Corp. support this theory
(see Figure 8).

When dry.carbon. dioxide diluted with.:dry nitrogen was. passed ..through--a abed
of potassium superoxide. some oxygen and water evolved and a hot zone-wa.• observed -
to advance from one, end of the bed to the other. When 'the -hot zone reached the.
end of the bed, all reactions stopped. (Ref. 28)

21.

- -- * --- - -- '.. ....---*-



4 _ . ' I .. ... .. ._• .. ..

Ii
.0- 1

-0 - ' - - - -• ! " --- l&I.L I

70 1% F.,

II Y 0 -44 e 0. .... - - -- - 0,0 -

• - ------ " -, p0.8 0. 
11 0. 10 3- 0 0 .- -

0Time- Mutes Ot

-Figure 8. THE ABSORPTION OF CO by EI WITH VARIOUS.-
CONCENTRATIONS OF WATg VAP8R (Ref. 29) " i

The concentration of the water vapor present is one of several factors
influencing the ratio of carbon dioxide absorption to oxygen liberation in a-
bed of potassium superoxide'. The following table is- an example of several
factors influencing the ratio.

- .j ,. Conditions Necessary to Yield CO./o . 0.82 (Ref. 30) [1
. particle size CO_/0, ratio by volue. Bed Temperature

401.4 1140 (
10/20, .20 77
Equation 3 on page 29 indicates that the ratio of CO to kiO,.shbuld' be .. -5.3 to,1 by volume; however, eXperimeftal data indicates lhat the working ratio

should be approximately 2.0 to 1. This indicates the water vapor is reacting in
other ways. Some other possibilities are, (Ref. 31)
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, 2CO3 ÷ H20 + C02 2M=

* O +42o "-> KOH H H~o

SK2 CO3  H2 0 - K2 CO3  H 20

HO-20 -- physically adsorbed

H,20 0' passed through the bed without reactingI.'Therefore, if the concentration of carbon dioxide in the controlled,.
environment is held at 2 per cent or 15 mm Hg, the water vapor should be

i per cent or. 7.5 mm Hg. At 75"F this value corresponds toa relative humidit¥
• of approximately 35 per cent (,ee Figure 9).

'i 700

--- -97001d

.3 0,- a 0- a

20aa--aa- -

10.-

0 0. 1 1.5 2it . • ,,v61=9, % _12

11Figure 9 TEMPERATUJRE AND HUNDIT EFFET~S UPON
~4JC0 2 02 RATIO IN BED OF R
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Since normal respiratory functions produce an excess of.Vater, a desiccant
is necessary to control the relative humidity and thus prevent an overproduction
of oxygen. -.

A contradiction to this theory was observed when Project Hermes was con-
ducted by the Air Force. Potassium superoxide was observed not to ;build up an8
oversupply of oxygen when 'ests were conducted with humans. (Her. 32)

Heats of Reaption

Although the exact mechanism of the reaction is not known, approximation
of the reactions and heats of reaction can be made.

S.xo,2 + 6H20 o + ----- oKOH -4KC 0+ 2  (Ref. 33)

AH m 250.7 kCal.

heat liberated - 2560 Btu per lb of CO2

or 1570 Btu per lb of 02

Sr. 256 Btu per man-hour

The heats of various other reactions which can. occur in a potassium superoxide
bed are: (Ref. 34)

•.Btu"'per lb of [
Reaction Heat Evolved CO Btu p l 0

2K2 + H2 0 - 2!0 +'3/2 02  9.4'•al 350 940 . .

2 + C•o 0-- 2 CO + 3/2 0o? 43 l 1620 --. 17..0

2KOH +CO D K2 CO + H) 33. --- 1380-

KO 1/0 +oC% - 0 --I -C • 33.1 .... o -- -1360

S4/3 1KOH + -1O0 ----- 4 II-(K0H 3/41'20) 22.2 ---- 2200

KOH + H 0 P-0.0 --- 2000 F
1/21(011 + H20 -- 4 1/2 (1 o .2H120) 16.9 -- o- ---0

2200 1/2H20) 15.2 1520

2/3X2CO 3 + 1120 - N 2/3 (K2C0 3  3/2%.0) -152.2-- 1520

K2C03 +1H204 CO2 - 11033.8-- 380 10
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III *r:::em e ca bed used eiather ina static syst em or in ablowe.r*

systm. henthepasivesysem s uedthebed. temperature is usu~ally never p

Razardd

As rviul stated, euperoxides are powerful oxidizing agents, thus any
contamination ooils, organic compounds or combustible matter can form an* jexplosive mxueif it comes in contact with the superoxide bed..

The lower bed temperature of a passive system reduces the fire hazard to
some degree but at the sameq time it leaves a large suirface area of exposed
superoxide which could acome in contact with combustible contaminants.

Buperoxides cause severe burns if they acome in contact with the skin. They A
are also-very toxic-if taken internally. In Project Hermes the dust of potassium
superoxide was found to irritate the eyes so it was necessary to wear a protec-

_.tive mask when changing beds. (Hef. 36)

Ote Npro xides

sodium superoxide has been prepared and successfully tested for removing
carbon dioxide and supplyingloxygen. Theoretically, it can yield 43 per cent
of its original weight as 6dcygen; whereas potassium superoxide can yield only
34 per cent.

The reactions of sodium superoxide generally produce a greater heat of
reaction'thin the potassium compounds.

The reaction which approxiae an overall reaction of a bed'of supero~~
(Ref .- 37)

* 2NO 2  6.+C0-*N0H4aC 3 *H 20+ -902

An -- 307.2 1~al-

Heat liberated per lb of C02,, 314'+ Btu.

* 1 **Heat-liberated per lb of 0 1915 Btu92

Heat liberated per man-hour., 3,14. Btu
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Other heats ,of reaction, which can occur in a sodium #uperoxide bed are:
*(Ref. 38).Bt rbf1

-.- Reaction Reat Evolved-

2NaO ;b -~2NaOH +3/2O0 22.4 84o 2240.o

M .) +Nf C0 2 * Na CO + 3/1ý 2  ,52.1 1950 -s-2130

Na 02 +-H120 -~2IqaQO.+ 1/2 02 25.6 2880 2560 ---

a202 2ý CO*ý ' NA 20CO3 + 1/2 02 55.3 6230 ---- 2260

Na 0O+ H20-.4'2NaOH ~,46..8 --- 4680 --

Na2O0 + CO 2 .- 0 Na 2 CO 3  76.5--------------3120
NaOH +CO 2 ->--Na Co +HB2 0 29.7- ------ ------ 1210
NaOH + -4' NAHCO 3  30.1---------------1230

NaO+ o NO15.-4 1540 --

i/Na2CO + -* ?aCO3  iZ 3.7' ---- 1370 ----11200

2 n ore to Hatc th 3 eaoi 13-3 of3 iti-ncssr-o-bai

oraIon ofde to ac he biaoae. otassliumQ bcro na8) te morneestablet sodtiuth

bicrboatefor any given-temperature.

Since sodium superoxide is -available in only limited quantities and-apparently
-has no advantage over potassium. superoxide except'on a weight percentage yield
basis, no advantage ca-n be seen at *thif time in preferring it over pobassium super,
oxide in a fallout shelter.

Calcium superoxid6 and lithium superoxide have high theoretical percentages
of available oxygen;: however, they are not'ma~nufactured at the present time.,

TABLE 6 WMQW~ 4QIiMgW Or' coi'OtMS,
..ompoufl-d Theoretical Available Oxygen,

1(0234% by weight

N'aO2  43

Ca) 4  *4

LiO2  61
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Methods of Use

Tests performed in Project Hermes and at MSA Research Corporation indicate
that 800 square inches of ;3urface area are required per person for a passive
system. This can be accomplished by having the material furnished in thin
screens which are sealed with a plastic film. When the film is removed, the
surface is exposed to the environment and the reactions commence.

I For these experiments screens 20" x 10" x 1/2" with two exposed surfaces
were used. Each container holds 9-10 pounds of superoxide and should last 27
man-hours since 1/3 pound of potassium superoxide is required per man-hour.

It must be kept in mind that at least two containers should be used for
each person at all times so that sufficient surface area is exposed.

With a blower-canister system, the rate of carbon dioxide absorptio.i can
be controlled by the blower. The blower can be used continuously for a large
group of people or intermittently for a small group. The only necessary equip-
ment is the canister and the blower. More elaborate setups are available which
include a flowmeter, and a timer to indicate when the canister is depleted.
The blower can either be hand-driven or electrically driven.

MSA Research Corp. manufactures a canister which will accommodate from one
to twenty persons. The canister will last for 72 man-hours. The cost per
canister is $150.00 which amounts to $2.09 per man-hour. A blower costs from

$50 to $300 depending upon type and accessories. MSA also sells the more
elaborate setup described in the above paragraph for $2000.

Odor and Bacteria Removal

Besides removing carbon dioxide and supplying oxygen, potassium superoxide
will also serve the purpose of removing odors and controlling the growth of
bacteria. Tests conducted by MSA Research Corporation are described in Table 7.

2*.2.2.3 Hydrogen Peroxide - Hydrogen peroxide is a powerful oxidizing
agent that is used for many purposes. Dilute solutions are used as bleachesior
disinfectants, while concentrations close to 100 per cent act as a monopropellant
and can be used as a rocket fuel. These properties are based on the com a's
property to readily decompose with the liberation of water, oxygen and heat.

Hydrogen peroxide decomposes according to the equation

H202(liq) - > H2 0(liq) + 1/2 02(gas).

Heat of reaction 1240 Btu/Ib of H2 02

or 2620 Btu/lb of oxygen.
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The beat of decomposition foi solutions of various strengths is :hom .i#i
Figure 10 t ia rprisaesonin'Table 8.
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Figure 10 ....HEAT OF DECOPOSITION FOR VARIOuS
"SOlUTIONS OF 110

TABLE 8--

PHYSICYDROG PEOXID Ref. 39)

Concentration, wt per cent - -50 70 . 90 98 100 _ _

I Density at 771F, g/cc 1.19 1I28 1.39 1.43 1.44. ..7
B.P. at 1 atm, F " .237.0 .257.8- 286.2- 299 312.1 .

Heat of decomposition %I

[• Btu/lb of solution, H at 77°F 8 . 121.
Heat of vaporization at 77°F8

Btu/b of solution 788 66 653

i . -29
SI. . . .,,i

.,_ -2::•T•-. 11
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Temperature ofReaction
The decomposition of concentrated hydrogen peroxide can reach .very high ,

k .temperatures if it is not contolled. An approximation of this temperature

.can be derived from the following equation... - '-

S:- .E + Qlhl

where, T - temperature, ,

H - heat of reaction,. Btu ,

quantity of reactants, lbs

.hI 0 sensible heat of reactants, Btu/lb

02 - quantit' of products, lbs ".

Cp2  = mean specific heat of'products, Btu/ib OF

This equation dasumes that there is 'no heat transfer to the reactor or.
surroundings. Some typical values are Qisted below.

Concentration of H2 02  Theoretical D ecoposition

7-.tTemperature

90% 1300-1400

.98% ,.1700-1800 i
Although H%02 has a high theoretiial decomposition temperature, it can be

"decomposed in a controlled converter at 3000F. (Ref. 4o0)

Most heavy metals or contaminants will catalyze the ireaction. Some sub-
stances which are very active in catalyzing the reaction are the permanganates
of sodium, potassium ar calcium, manganese dioxide, platinumi and iron, oxide.
Most impurities, dusts, or enzymes- present in the" containers or apparatus will,,
also catalyze the reaction.-"

Because water is a product of the reaction, hydrogen peroxide is able to
produce 0.53-lbs of steam for every pound of~peroxide decofposed or 1.13 lb of
steam, for every pound of oxygen produced.- The steam can be used to generate-

* power via a turbine and can be condensed to provide drinking water. By the same

Stoklen, the water must be condensed, or else the air .in the environment will become
saturated with excess moisture.

I ..
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To yield cne man-hour of oxygen, the following requirements are necessary.

Concentration, wt% 50 90 98 Ir9

Lbs peroxide to yield I lb of 02 4.24 2.36 2.17 2.12

Lbs peroxide/man-br at .083 lb 02 /man-hr 0.352 0.198 0.180 0•176

Volamxe, gallons per man-hour at 80*F 0.0355 0.0173 0.0150 0.0146

Material cost $/ib; tank car/drum .26/.30 .50/.615 .60/1.0

Material cost $/man-hr; tank car quantities .092 .099 108

Material cost $/man-hr; drum quantities .106 .122 .18

In addition to the cost of the material, special high purity aluminum
containers must be purchased. If the H 0 is obtained in 30-gallcn drums, a
charge of $100 is made per drum plus a charge of $50 for the delivery syphon.
Since one drum of 98 per cent hydrogen peroxide would supply 2000 man-hours,
an additional charge of $0.05/man-hour would be required for this concentration.
The 90-per cent peroxide drum would provide 1734 man-hours so the additional
charge would be $0.058/man-hour.

Hazardous Aspects of Hydrogen Peroxide*

Toxicity - Neither hydrogen peroxide solutions nor their vapors are con-
sidered toxic. Both will act as an irritant, however, the vapors being very
discomforting to the eyes, nose and throat. Contact with the liquid results
in a stinging sensation accompanied by a whitening of the affected area. This
irritation quickly subsides and the skin gradually regains its color, providing
contact time is short. Extended contact is likely to result in a serious and&
slow healing burn. Thorough and immediate washing with large amounts of waterl•<
will greatly lessen the possibility of serious injury by diluting the peroxide
and reducing the length of contact time. In the event that the eyes are contcted,
immediate irrigation with copious quantities of water is necessary. Thus, it 'is
advisable to have eye-wash fountains and safety showers in all areas where
peroxide is handled. A physician's assistance should be sought as soon as
possible in cases of" serious burns and in all instances where eye contact is zade.

Fire - Isolated peroxide solutions, regardless of concentration, are non-
flammable. However, solutions above 65 weight per cent H202 are very strong
oxidants and may induce the spontaneous ignition of many combustible materials.

"Ihis section abstracted from Solvay Technical and Engineering Bulletin
No 19, pp 51-54.
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Concentrations of less than; 60 per cent do not exhibit this tendenOy on initial
recontact with combustibles. On. prolonged contact, however, water evargrates moreS-rapidly than the hydiogen peroxide, resulting in'a residual-.solution with a -

peroxide concentration which may exceed the 65 per cent "'safe" limit. Because,
of' these considerations, it is unsafe to store combustible organics and materials'
such as wood, plper,' or. rags near 0 lines or handling areas.-.Where possible.,

.stroage areas should be of fire_ 5 onetruction, particularly for concentrations
inabv 5a weight per cento An adequate supply of water should alob be dvailable..
in all handling and storage areas for emergencies. Water may be used to flush
away any spillage and to gight most fires involving 1160'. Of coursei water should
not.be used on electrical or oil-type fires regardlesl Uf the presence of peroxide.

Explosion Experimentation indicates that it is not possible to detonate .
even the most concentrated hydrogen peroxide solutions by such methods as mechani-
cal drop-weight tests, rifle and machine gun bullet impact trials, and blAsting
cap studies with and without booster charges. H6wever, at atmospheric pressure;
vapors containing above 26 mole per cent hydrogen peroxide (40 wt. per cent) can
be explosive.

When mixed together, combinations'of the higher strengths of .hydrogeri peroxide
*and a'number of organic materials will detonate with an explosive force approaching
that of nitroglycerin. -Of additional concern is the tendency of a number of mix-
tures to give no indication of reaction when added together, but to 'detonate if.
subjected to mechanical shock or slight, increases in temperature. These latent
tendencies make extreme 'ca:e an absolute necessity when experimenting with ,hydrogen[
peroxide.

The accelerating effect of contamination on the decomposition rate of peroxide
-hasbeen described earlier... As mentioned-, the heat released in the reaction raises
the solution temperature, which in turn leads to further decomposit.pn. 'hid..ycle
rapidly gains impetus and if uncontrolled may result in a. pressure ýuild-up of
sufficient magnitude to rupture a containing ves'sel. For this reason, it is
recommended that storage tanks and other collection vessels'be equippd with
temperature recording apparatus which will signal undesirable temperature increases.
When an appreciable temperatura rise is detected, it may be possible to control the
reaction by cooling the tank or vessel externally with.water. If the peroxide is
not too-badly contaminated, it.may also be.possible to prevent excessive decomposi-
tion by adding packaged stabilizers (for example, sodium stannate) directly to'the
product in storage. Where these measures fail, it becomes necessary to pump large
quantities of water' directly into the tank and to dump tank contents intd a drain
with additional dilution.

Recommended Handling Procedures .- Before any work involving hydrogen peroxide
is inl7tated. -it is necessary for all interested personnel to thoroughly familiar-
ize themselves with the properties bf the product.- It is advisable to 6qnduct.-"
original experimentation behind protective screens or barriers using small con--
trolled quantities of reactants until definit'e behavior patterns have been established
for the reaction. Education of all laboratory technicians, workmen and' oparators in
the proper method of handling -,,O will serve to greatly minimize the possibility'Of
accidents.
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During laboratory experimentation with this oxidant, the following proce-
dures should be observed:

1. Peroxide samples should be stored in pyrex bottles. Polyethylene
containets. may also be used althotigh they are not recommended for1. the handling of high strength material (> 52 per cent) because of
the potential danger associated with the solubility of this resin

in peroxide. Equipment, must be of acceptable materials and should
Sbe properly cleaned and passivated prior to use.

2. All peroxide samples should be stored in areas which are inacces-
sible to unauthorized personnel. Bottles should be shelved so as
to minimize the dangers of spillage and breakage. Sample bottles

Sah~uid have appropriate labeling and should be vented or covered

Swith aluminum foil or clean glass beakers. They should AM be
stoppered.

3. Unused aliquots should never be returned to the original sample
but should instead be flushed down a drain with large amounts of
water. 0,

4. In the laboratory, goggles and Neoprene or Korosed'l gloves must
be worn whenever peroxide is being handled. Because the ordinary
clothing may contain enough catalytic contamination to constitute

a a fire hazard, protective aprons of polyvinyl chloride or poly-
" I~ "" ethylene are advisable.

-5. Any spillage in the labordtory should be flushed immediately with

UI water.

The over-all safety precautions outlined for laboratory handling are
generally applicable to plant scale operations. The protective clothing for
plant personnel should also include rubber boots and a complete outer garment
of Dacron. Orlon has alsobeen tested as a fabric for garment purposes and,I1 althoug~h not as suitable as Dacron.. is acceptable. Additional equipment such

as a face mask or helmet can be worn, although this in itself may prove dangerous
by virtue of the restrictions thus placed on the worker's movements.

In view of the foregoing it seems unlikely that hydrogen peroxide would be
incorporated for supply of power, wateror oxygen at the present state-of-the
art. However, further research and development activity may indicate methods

S " II to obviate the chemical's hazardous properties and utilize its advantages.

2.2.2.4 Other Peroxides - Sodium peroxide reacts with water to yield
sodium hydroxide and hydrogen peroxide. The hydrogen peroxide decomposes to
yield water and oxygen as described in Section 2.2.2.3.

pP
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Na2 o2 + 2Ho - :0 2NaOH + o202

H202 -.- •P 0 +-1/2 02  I
Overall reaction Na2 0 + E20 -- 2NaOH + 1/2.02 + 29,700. Btu at 77P "

This reaction liberates 1860 Btu per pound of oxygen produced or 154 Btu- per
man-hour.

Since NaOH is also produced, carbon dioxide can be absorbed in the process.
An overall .reaction written for an R.Q. of 0.82 is

""a202 + 0.58 H20 + o.41 a . 1.18 NaOH +o0.41 Na2C,3 + 0.5 •2

AH = -57,500 Btu at 777F

This is equivalent to 3590 Btu per pound of oxygen liberated, 3190 Btu-per pound P
of C02 absorbed or 300 Btu per man-hour.

Sodium peroxide can also be decomposed at 860*r without the addition of-

water according to the reaction

Na.2O2 ~-.NA20+ 1/2O02
Heat is roquired to make this ýeaction proceed to the right. This amounts to L
34,500 Btu or 2160 Btu absorbed per pound of oxygen liberated.

Sodium peroxide is .similar. to sodium superoxide in that it reacts with

water to liberate oxygen and then absorbs carbon dioxide. Mýxtures of sodium I
peroxide and potassium superoxide have been'prepared in order to match the
metabolic R.Q. of 0.82. .

Like the superoxides, per9xides are toxic compounds. Likewise they are [-
-fire hazards since the presence of water will liberate hydrogen peroxide. On
a weight basis, 4.88 lbs of sodium perogide are required to liberate 1 lb ofý [
oxygen while 2.95 ibs"of KO2 will'liberate the same quantity-of oxygen.'

An advantage of sodium peroxide is its relatively low cost. Drum lots
(lal) cost approximately $0.22 per pound which amounts to $0.108 per man-hour.

* This is in the same price range as hydrogen peroxide and much cheapter than
potassium superoxide. The advantage over hydrogen peroxide is in storability,
handlingand safety of spilled material. -The main drawback is in matching the H
metabolic R.Q.; for this superoxide is superior.

*. . .- i Calcium peroxide will also react with water to yield H0; which decomposes 0

to water and oxygen. Theoretically 4.5 lbs of Ca0 are teq~ied to prcluce 1 ib U
of oxygen. This slight advantage over sodium peroiide is nullified by the higher
cost of the calcium peroxide. Drum quantities cost from $0.78 to $1.60/peund
which would amount to $0.35 to $0.72 per man-hour. "
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2.2.2.5 Electrolytic Methods Hydrogen and oxygen can be obtained

,om 'water by passing a direct current through it. There exist various types
of cells for carrying out this reaction; however, they have the.same overall

HI-120 R4.2+ 1/2 02

it is a fire-hazard.

Theoretically, 1520 amp-hrd of power are.required to produce one pound
- of oxygen. Therefore, the power requirements'-per person are 126 amps per hour.

The commercial H,-O2 production cells operate at 1.5 to 245 volts. The electrolyte
is a solution of'l per cent NaOH or the equivalent concentration of ME. For one

Sft/hr of dxygen, 200-300 watts are needed.

-'2.2.2.5.1 Treadwell Cell - For submarine application the Treadwell
cell, which is a modificatIon of tke commercial cell, has been, developed. This
is a high pressure unit which operates at 3000 psi, 200Q1, 750_amperes and 3.0'•'vol to. A single cell will support 9-i0. men" by electrolyzing 3 gallons of water

* per day. The hydrogen is collected under pressure and pumped.. overboard.

112.2.2.5.2 Split Cell - Another type of cell is the nickel-cadmium
split~cell. This cell has tie haracteristic that only one gas is released at a

' time,- During the-discharge cycle-thef•llowfng reaqctions take place-at the
I electrodes:

-- Cd + 20H - ;0 Cd(OH)2 + 2e
2H120-2e--P-420H .+ H2

Cd+ 2%10 -70'.Cd (0H)2 '+H2i-Io
No oxygen is produced during discharge so the hydrogen can be-collected a•d

Sdiscarded.' During ;the charging phase the reactions are:

Cd(OR) 0 + 2e --- * Cd 20

2011 %0 +- 0 1/2 0,+ 2e-

- - " •J Cd(OH) 2 ... ...cd + %0 + 1l/2'

No hydrogen is produced during discharge so -the oxygen can be used as it is

; , Ii A unit designed for 100 men aboard a. submarine. consists of.two banks of.-125"
cells each. Each bank operates alternately at 100 amperes and 275 VOltsb The. - .
entire unit weighs 4100 pounds and occupies 34.5 cubic feet. (Ref. 41)
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2.2rb5n dioxidem Sulfate Electrolytic Proceis -The su.lfate z
process is a three-step operation in which hydrogen MWd oxygen hre prco&Qoed n

carbn doxie i aborbd bthesodium hydroxide "formed in the eleotr~gyuezr,
Aflow diagram for the process is shown as follows. (Ref..)42)

wwI'

t 7.

2Na0 + ~ ~ N~cQ3 + Hr

InThe, deslorb eecrotechemical r~eaction. takeplcint etr

Anoe:. 2S0 2, H2S 4 -+ 0 02 + 4eS0

2NaO.E + C02S -*1a 2 0 + H20 [
0 Na CO
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The overall reaction for the absorber and the desorber is:

H21124 -+ 2Sa0 4 + %0O

The overall reaction for the entire process is

2112 0 ,--- 2%1 + 0O N-

SAccording to the reactions shown,-twice as much NaOH is produced as is

needed to remove the carbon dioxide from the air . This will alloV for,.incomplete- -
absorption and still leave sufficient capacity to remove all of the carbon dioxide.

UExperimental runs have shown that to liberate one cubic,. oot of oxygen,
700 watt-h'urs of electrical power are needed. This is equal to 650 watts per
man-hour which is tbree times the. power requirement of other electrolytic pro-.
eses-s, however, carbon dioxide is not removed in the other systems,

'Although the sulfate cycle can be run satisfactorily, it should býe considered
as being in the development stage because more 40ta.is needed to obtain-the

.optimum design and operating conditions.

The chemicals -needed for the sulfate cycle are water and sodium sulfate.
The amount of sulfate depends upon the size of the equipment, but the cost of'.
this ,,will'be very small whenwcompared to the cQpt. of--the oquipment together with.°

f-I the electrical machinery that is required.
""2.2.2.6 Photosynthesis - In the presence of ligbt, green plants-sueh

I '• as algae absorb carbon dioxide and release• oxygen." " ,,..

a -Much work has been-done in testingvarious species of algae and different'
environments to produce the maximum growth rate..

Hannan and co-workers studied the Sorkin Strain of'-Chlorella .enoidessa.
The optimum tetiperature for growth of this' strain was found, to be 96-I02-F.
(Ref. 4 3) Also lighting and method of-lighting are important.. The reaction of, .

J Chlorella in the absence of light is the opposite of the reaction in the presem•e
of light..... .. "__-__

""" - ' *. Rate of C0. to 0 conversion in light 2 (Ref. 4)..

Rate of .-. to, CO2 conversion in-darkness .•,-

Other factors influencing the rate of conversion are type of lighting.,
spacing of 'lights,-type of nutrients, degree of agitation, and concentration"'
"of suspension. -'

1] Hannan found that the maximum rate of _cr~version is 250 ml'of oxygen per,
hour for each liter of suspension. Therefore each person would require 33.-5
gallons of suspension under optimum conditions. . ,-"
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The disadvantages of the photosynthesis process are:'

1. close..control of environment is needed to achieve optimum.1
conversion.

2. A loss of light would stop the process, and a wa&llceg
in temperature can kill the algae-:

3. The process Is unreliable. 9kporimenters have had cultures
die for' no apparent reason. (Ref. 4&5)

-4. A large volume of suspension is required to support each [
person.

M.2.27 Regenerative Oxygen Containing Chemicals -C6ýtain complex f
compounds have the property of combining with molecular oxygen and releasning ~
it upon heating. More prominent among these is the chelate salicylalds1hyde
ethylendiamine cobalt, known as "Salcossine".,'/.

The compound is oxygenated at low temperatures and under pressure and
deoxygenated at elevated temperatures and under reduced pressure.

0B

Several compounds derived from abalicylaldehyde'and similar to.Salcomine ,
were found to be more aative'ý However. with the exception of a fluprine-
substit~ipted compound, Ithey are inferior in. stability an xgncpacity..

Because shelters require a. single supply of oxygen, the use of-A regeRnerable-
oxygen-storing chemical is not of' interest unless it is economically aupe~ilor to L
other nonregenerative systems.

Theoretically one :atom of oxygen can be released from one-molecule of ohelate., [
Therefore,. Salcomine should release "ive per cenit of its weight as oxygen.ý

Maeiasmanufactured on a pilot plant scale have realized coapacity of~9 e
'Cent of the theoretical. * a
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9n this basis, at least 50 pounds o±* Salcomine would have to be stored.
�fl per p�rB on. Although no d.ata is available on the price �f Salccsiine, 'the

starting material, salicylaldehyde, costs $1.23 per pound in caa'3.oad g�uaa�t�.tiea,J 'so it is apparent that Salcomine would be more 6zperisive than this. This is
uneconomical when compared to other oxygen supply methods *

In addition to being a' more expensive oxygen supply method, Saloomin.e

system. (Ref. h6) This method will not be further considered as a source o�
produces a dust which is toxic and irritating to the bronchial and Aigestive

_______________

2.2.3 Comparison of Oxygen 2 BuD�ly- Systems
Oxygen supply systems will be compared from the utai�dpoint of reliability,

power requirements, costs, and. handling and storage convenience� The read�er
in referred to Table 9 for the suinarization or this cc�pa�ison.

TABLE 9

____________ COI.WAHISON OF OXYGJI� SUPPLi� 14�7i'HO3S

etbod Cost-*/man-hr Heat Libera�6d-' U�3.iabi1ity(I ___________ "Bat sty

High Pessure 0.20-0.35 , Blight Excellent
s Storage

Liquid Storage .. -&

hlo�'ate-Cndls. 0.50-0.67 ,� 'Good

Potassium 0.67 plus 2 "256 ' Fair
Superoxide equi�uent� Ii Hydrogen " 0.16-0.18 117 Poor
eroxide (90%)

I� U Electrolysis High Equipment Cost - POOl' .-

Photosynthesis High Equipment Cost '. 8light positive - Poor

I] Reliability is considered of prlae importance in ranking the oxygen supply
systems. - Gas storage cylinders have been-used extensively in aircraft and
hospitals and have yielded reliable service. Chloi4ste candies have been used -

successfully in submarines in emergencies with good results. ExtenAive laboratory
tests by various investigators have s�own pot�ssium auper�xides to be a reliabl�
source 0±' oxygen. Peroxides have not been. as -extensively investigated and are
considered difficult to control. -

U
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Systems considered to have'poor reliability inc~lude liquid oxygen converters,
electrolysis cells, and photosynthetic devices. Li4ui4 oiygbn isjpUbjpct to an

unaoidbl evpoatirirate-which maked the reliability 4petident, upon constant

glectrblydis is-only as.,reliable as the source of electrical power. Beesude, B
*a large electrical supply will not necressarily be available, this..method is not

considered reliable,-.IJhotosynthisis'has demonstrated poor 'reliability. in the .
- laboratory.B

High pressur~e gas cyidr adclrate cnte require no power. Liquid
oxygen requires very low amounts of power for evaporation. Z.SuperYideý daniiters
require air circulation when in operation, but this can be accomplished with a'
hand blower so no aiixiliary power is necessary.

:The decomposition of hydrogen peroxide can be .prcanoted in the presence of-
a 'catalyst alone. Similarly, solid peroxides require no powe±.

* Electrolysis systems require 200,to 300"watts of power per'pairson And-thus
considered to,,have high power requirements. Photosynthesis requires a cofitrolled

tpeaueand 'a source of high intensity light..

Storage and Handling

High pressure gas cylinders can be stored for J;ong periods of time "aid are.
easily operated ýPysimply opening a valva. The cylindars'should be periodically
checked to make hiure that the gas has not escaped.'."B

Liquid oxygen should be eliminated from further consideration because~of -

the problem of boil-off. - .f

-- Chlorate candles -in self-edfitained units have an indefinite shelt~life amd
L ,-are easily started by pulling a pin, whereas-the chloratea candles -burned in.-

furnaces should be handled by ti~ained personnel.

.Superoxide in canisters is storable as long as the. canisters remain. seale~d. -'
The use of a canister and blower is'easily acop"hdsaeya ogas I
dontaminants- of hydrocarbons or other combustible.~matter 'do not come-in contact L

wihtebed.- Tbose superdxide in-den-ito aboriso'ecsiae'*Ibecause 0of the'danger thtnmbiil cotmiat isul fmanotx reosiVR

Peroxides are hazardous .to handle for untrained personnel and should not
.. *: be cbnsidored further.' .-
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Electrolysis equipment can be stored in a dormant state for long periods.
otie-however), a lack of electrical power would make the equi~hent useless.

Since electrblysis produces hydIrogen, an explosive hazard would be, present.

''Photosynthesis requires a constant control of temperature and souroe. of
light even when bein~g stored and thus would.require constant control which is

IgIn view of the foregoing only stored gas systems, and chlorate candles
Iwill be considered during the remainder of-this report.

Ell

I KI
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S2.3 Carbon Dioxide Removal

Carbon dioxide can-be removed from an environment by a number of methods. '
These include: .

1. Chemical absorption in a bed of solid granules. ' n

2. Absorption in a liquid with chemical reaction.

3. Physical adsorption.

4. Diffusion of gases through a membrane.

5. Freeze-out techniques.

2.3.1 Solid Absorbentsor d e a i a

Solid absorbents include alkali 6xdes or bydroxides• alkaline ekth oxides"
* i or~hydroxidee. In the presence of moisture these materials are bases while in

the presenced of.moisture larbon dioxide forms a weak acid. Thus. the reaction
is neutralization...

"* 2.3.1.1 Superoxides - Alkali superoxides are described in Section-
2.2.2.2 where they were considered as a source of oxygen.'

2.3.1.2 -Lithium 11idroxide - Lithium hydroxide is a- white crystalline .. LI
base which can be used t6 remove carbon dioxide. The U.S. Navy has used-the
anhydrous form as aneemergency carbon dioxide absorber aboard'submarings since
the 1930's. Lithium hydroxide is presently being used aboard the Pr'oJect Mercury. I
space- capsules.

The equation for the reaction is .: .

2LOH. +C - O.0+ M20O

.If the water is assumed to evolve in the liquid state, the heat of reaction is -
1310 Btu per pound of carbon dioxide or 131.Btu per maC-hour.

It is more probable that the reaction will evolve the water ýn the gaseous .
* state. In this case the heat of reaction would be 875 Btu per pound Of.carbon

dioxide or 87.5 Btu per man-hour. This reaction takes place efficiently at
temperatures as low as 350F. This is lower than the. effective temperature limit
of most other absorbents. Theoretically, one pound of lithium hydroxide, will
absorb 0.92 pounds of carbon dioxide.

4U2
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Assuming a carbon dioxide production rate of 0.1 lb-per, man-hour and a
reaction efficiency of 90 per cent, 0,2 pounds of lithium hydroxide would be
required per man-hour. Onthe basis ofa 24-hour period of being sealed from
the outside atmosphere, 2.9 pounds of lithium hydroxide must be stored for eachp• person.

Lithium hydroxide can be used either pasuivelor in a blower-canister

system. In the passive system, the granules are spread in a thin layer over a
screen or flat container so that a large surface area is exposed. The blower-
canister system could be similar to that used for superoxides. The air is blown
throughg the bed, reacted,. filtered a±d released back into the atmosphere. The
blower can be hand-driven or electrically powered.- For a small number of persons,
intermittent operation is sufficient whereas for. a large group, continuous
operation is necessary.

[• • Hazards

Lithium hydroxide is a strong caustic material which wili cause burns if it

contacts the skin, especially if the skin is moist. The eyes are very susceptible

Sto irritation caused by'lithium hydroxide dust. As vith all strong bases, lithium
:hydroxide will react violently if it comes in contact with strong acids.

[I The material can be pelletized or granulated. A 4-8 or :8-10 mesh. granule°
will have less tendency to dust than a very fine material. Because lithium

fl carbonate has a very high temperature of decomposition, lithium hydroxide is
classifiedrss a nonregenerative chemical.: Lithium hydroxide is expensive; however,'
it can be used without any auxiliary .equipment so it can still 'be considered.- The.
anhydrous material costs from 4 to 5 dollars per pound. This amounts to 50 to 60'
cents per man-hour.

.2.3.1.3 Baralyrie - Baralyme is" a crystalline caustic mixture which
will absorb carbon dioxide. . -

The' composition of the material is (ref. 47)

81 0 per cent NOt Ca 82 ou02
2.

small amount . "
Iitrace Mi~dza Z dye + ethyl violettrace wetting agent

The Ba(OH) .• 8%~o provides water of crystallization which acts ad-"a•bibnd&
and also sustains the reaction with carbon dioxide. .When the Ba(0H) '8 0
reacts with carbon dioxide, BaCO forms with a sufficient amount of iaterNowet
the kOH and Ca(OHi), and sustain he reaction.A4. '.3

Ii ";~ •-•,
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The bulk of the material is calcium hydroxide. This reacts with carbon
dioxide in the presence of an activator, such as sodium or potassiuM hydroxide,-
to form calcium carbonate. The dye is added to the formulation to indicate when
the abtorbing power of the material is depleted,. Fresh material is pink. The
color -then shifts first to purple and then to blue gs salts of weak acids are
formed. '(Ref. 48) The small quantity of wetting agent is added to reduce the
tendency to dust.

Heat Of Rteaction -

For the reaction,

Ba(OH)e 8%0 + C0O D, •€0 +a •0i

the heat of reaction at 770F is 508 Btu per pound of CO or T0.8 Btu per pound
of Ba(0H)o ° 8H0. This is based on the assumption thaý all the-water is evolved
as a liquid.

For the.reaction, ..... .. H
!I... Ca(OH) + CO H02 0 CaC03 + 0'

.. the-heat of reaction at 7:70Fis 1055 Btu per pound•of CO or 627 Btu per pound [1
of calcium hydroxide- This is also br.sed on the assumption that the water is
evolved as a liquid. -- t

Constituent Btu • Weight Heat Absorbed Total C02
- _(lb) ( Liberated CO,/lb' Absorbed

Ba(OH). 8H20 - 70.8 20 14.2 0.40 A. 0i28-

Ca(OH)2  627 80 502 .594 0.475L
- :516 Btu -,0,503 Ibs,-1

The heat liberated per pound of CO2 absorbed 16 1020 Btu/lb of CO2.
_• This amounts to 102 Btu per man-hour. -

Hazard

"The toxic properties -of Baralyme are contributed from the barium hydroxide
and the barium carbonate which is formed. Irritation is caused by the caustic
hydroxide ion. The wetting agent in the formulation is added to eliminate -j
dusting and therefore control airborne irritants.
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Use ---

Use "

L. Baralyme should be used with a blower system, As with other absorbents,
flow rates and sizing depend upon the number of people in the shelter. Theoret-.
ically two Pounds of Baralyme will absorb one pound of CO"; however, experience
has shown that three pounds are needed to absorb.one poQ of CO2 . (Reo. 49)

The,.Tbcmas A.JFdisonIndustries recommends using 10-1/2 Lbs per man-dqay.
This would equal 5 pounds of Baralyme per pound of CO2 absorbed. For a 24-hour
system, l0ý5 pounds of Baralyme would be required per person. This would cost
$3-80 or 16 cents per man-hour for the chemical. Since a blower i's also needed,
the following cost must be added.

A 6 0-cfm hand-driven blower costs appioximately $50. This will support 20
people when it is operated continuously, Thus, on the basis of a 24-hour opera-
tion, 480 man-hours would cost $25 or $0.052 per man-hour. The total cost of13 chemical and blower would then amount to $0.21 to $0.22 per man-hour.

Baralyme can be stored from 4 to 7 years. After that period of time, ±t
"should be replaced.

2.3.1.4 .Soda-Lime - Soda-lime has been considered for use as a carbon
dioxide absorber since 1918. Early formulations were unsatisfactory because the
material would cake and not allow the gas to pass through the-bed. A satisfadtory
formulation of 90 per cent .lime and 4 per cent NaOH (on a dry basis) was testedJ/ in 1928, (Ref. 50) The newer formulation consists of: (Ref. 51)

78.4% (by weight) ca(Oi) 2  "
2.5 Nam.I--1,2 KOH :•1112 "17,0 -.moisture

-99.9%0.8 binder - -.. .

99.9..

. The principal reaction for soda-lime is.

Ca(OH) 2 + C02 D CaCO3 + H2Oliq. - ,

The heat of reaction at 77"F for this material is 1055 Btu per pound of
"CO or 627 Btu per pound of calcium hydroxide, The heat liberated per man-hour
is~lO5. 1 0 5

Other reactions taking place are

E 2NaOH + CO2 -0 Na 2CO3 + H2O1iq. ,

SThe heat of reaction at 77SF is 1710 Btu per pound of CO2 or 945 per pound of NaOH.
L2
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If the following reaction is assumed,2Na0 ÷ C02- NCO3 %OI3
"then the heat of reaction is 1800 Btu per pound of C02 or 990 Btu per pound of -

For 2NOH + CO r O the heat of reaction is 1840 Btu perpound of CO2 or 72Btu Per theo

Constituent Weight Btu. per aeat lb-CO2 /Ib C02
ab)r ,tiberated " Absorbed

Ca(OH)2 78.4 627 490 0.594 0.,65

NAOH 2.5 990* 25" 0 .550 0.014
KOH .. 1.2 723 , 9 0.393 0.005
Inert, 17.9 --- - t- -.-- l

""524 Btu 0o.4 84- lis
* Assume monohydrate formation F.

Heat of reaction per pound of soda-lime is 524 BtU. Because 0.484 pounds
of C02 is absorbed for each pound of soda-lime reacted, the heat'of reaction on
the basis of one pound of CO2 absorbed is 1080 Biu or 108 Btu per man-hour.

"Haards

Soda-lime has the-property of forming irritating dusts. Because the
material is caustic, this dust burns the eyes and mucous-membranes. The dust.
problem has been the main reason for the rejection of soda-lime for various
environment control-applications although it is now used In-hospitals for
rebreathing apparatus.

Use

Soda-lime should be used in a-blower system, although it, is possible to
use it by spreading it out in thin.layers. When the blower, systdmr1s used, it
is sible to pass the Scrubbed air through'a filter to remove most of the':
soda-lime dust. -

Theoretically soda-lime if capable of absorbing 0.484 lbs of CO or 2.07
pounds of soda-lime is required per pound, of CO Aworking ratio i approxi-
materly 3.0 pounds of soda-lime per pound of Qafbon dioxide.
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The efficiency of the reaction i,> dependent upon ambient conditions,, The
11 absorption has poor efficiency below 65o1. The- same is true for low relative
Ih humidities. (Ref. 52) Eight pounds of soda-lime would ha4e to be stored for

each person for 24,pours of sealed support. On the basis, of a material cost of
1 30 cents per pound; the man-hour cost for chemicals is 9-1/2 cents. To this

must be added the-.blower cost of 5-1/2 cents per man-hour so the total cost would
be 15 cents 'per man-hour. -

11 In older to store soda-lime, it must be kept in sealed containers because
ri if it is expoded to-a moist atmosphere, it will lose its capacity.
[j] 2.3.1.5 .Hydr6xides of Sodium, Potassium and Calcium - The solid

< pgranules or pellets of sodium, potassium or calcium hydEroxidehave a high
theoretical capacity to absorb carbon dioxide. This capacity is not reached

""i in an actual solid-gas absorption because the-surface of the particles-become
covered with the carbonate which is iormed and the reaction 0,0ades.'

2.3.1.6 Silver Oxide - The oxide of silver can be used to absorb
carbon dioxide according teo thei reaction - -

AgO+ CO2  ;0 %gCO3I
- The heat liberated from'this reaction is.798 Btu per pound of carbon dioxide or

"151 Btu per-pound of silver oxide. The silver carbonate can be regenerated by
"heating in the temperature range of 250 to 350*P. If the temperature exceeds this,
the silver oxide will decompose to metallic silver and oxygen.

The theoretical capacity of silver oxide is 0.19 pounds of carb6ni dioxide
per pound of AgO.- On -this basis 0.5 pounds of Ag2O would be required per man-
hour in a nonregenerating system.

l -, if the cost of silver oxide is $1.00 per ounce, then the cost of one man-hour - -

lJ "of protection would be eight dollars. The cost of such a system would be pro-
hibitive. Even in a regeneration system the amount of AS.O required would be
such that the cost would not be competitive with other carbon dioxide absorption

I'": i] methods. " " - ".

2.3.2 Liquid-Absorbents -.

, Carbon dioxide can be removed from a sealed environment by absorption .with
solutions of hydroxides, carbonates, ethanolamines and-several other chemicals.

".I The reactions can be carried out in four ways, which include:

1. .Spreading the solution in trays so that a large surface area is
j] exposed.

"2. Bubbling carbon dioxide through a tower of solution until the
-U] absorbing chemicals are depleted and then discarding them. - - . -
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3. Loading a solutibn as described in item 2 and then switching
to a second tower while the first tower is regenerated with heat. U

",. Continuously absorb and regenerate in a two-tower process.

In general, the reaction of carbon"dioxide and a hydroxide takes place at 1'
a faster rate and. liberates mor~e heat than the reaction of carbon dioxide andU
carbbnates. -Thus, "the hydroxides would be more suitable for passive systems or
system where the solution is reacted until depletion. Likewise the reabtion of."the carbonate and carbon dioxide is more suitable for a regeneration system
because less heat is needed to decompose the bicarbohate.

2.3.2.1 Alkali Hydroxide Solutions -The reautions of carbon dioxide
and strqng bases in solutions is basitally the same as the reaction for hydroxide
in the solid-state; however, the reaction in solution has the following two
advantages over the solid-gas reaction.

1. The reaction will not be hindered by the formation of carbofiates. In
the solid-state, the formation of carbonates on the surface of the hydroxide,
decreases, the available surface area for the absorption to take place.

2. In solutions, the carbonates will react with additional carbon dioxide
to form bicarbonates. This reaction probably does not take place in the solid-
gas reaction. .

The following reactions-can take place in solution:

F 2NaOHs 0 n + CO2 -- Na20O3  + %0 + 47,200 Btu
oln. 2 2 soln.

This amounts to 1070 Btu per pound of carbon dioxide or 107 Btu per man-hour.

The sodium oarbonate produced can then further react with carbon dioxide
to form sodium bicarbonate.

Na2CO3 + CO2 + 0 --- 2aO + l4000 Btu.1--

This -is equal to 319 Btu per-pound of WO2 or 31.9 Btu per man-hour.

For potassium hydroxide the reactions are: -

"2KDHeoln. + C02 ---- K2 C03 son. + E20 + 46,200 Btu

This is equivalent to 1050 Btu per pound of C02 or 105 Btu per man-hour.

The carbonate then reacts to form a bicarbonate. H
S•C0 3 + H20 -+ 2XHo3 + 13,300 Btu

I This amounts to 303 Btu per pound of CO2 or 30.3 Btu per man-hour. 1
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The heat of reaction indicated for the above reactions are based on very
Sdilute solutions. Concentrations which would actually be-used would be higher

and thus have a slightly different heat of reaction.

The high temperature which is required to decompose sodium or potassium
carbonate limits the. use of alkali metal hydroxides to nonregenerative systems.
This is not a serioVP -disadvantage since the materials are..cheap enough to
warrant storing them in large-quantities.

Temperature of Decomposition of. Carbonates to Hydroxides or Oxide (Ref..53)

Compound Temperature OF

Na2 CO3  1290

ii TCO3  1340

Hazards

P The hazards involved in using solutions of hydroxides .result from the
caustic'nature of the material. The solution will cause burns if it comes in
contact with the skin. The hydroxides will also react vigorously with strong

11 acids.

Solutions eliminate the problem of irritation from dust, but if the carbon
dioxide-laden air is passed through a column at a high velocity, entrainment may

"" become troublesome. This can largely be taken care of by entrainment separators.

"Capacity

Assuming the hydroxide reacts to form the carbonate according to the
reactions:

S2NaOH + CO2 -- Na2 CO3 + H2 0 or
"2KOH + CO2 -- K2V0 3 + H2 0 ,

the following quantities of hydroxide would be required.

Slb of CO absorbed lb of hydroxide reacted

Material lb of hydroxide lb of CO2

NaOH 0.55 1.82
KOH 0.39 2.54 "
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Assuming carbon dioxide is produced at a rate of 0.1 pounds per man-hour,
0.182 pound of NaCH or 0.254 pounds of KOH would be required per man-hour. 0

Tepe and Dodge. (Ref.,54ffound that-the rate of.C0 abuorption In N0OH
solution increased witb an increa'e in hydroxide concenriration up to a 2N
solution. Further ihcreases in concentration decreased the rate of absorption.

Are.

80 __W

- .- 2. ,

o0 1.0 2.'03.40
Total S64um Normility

JFigure 12- ABSORPTION OF C02 IN AQUEOUS NaOH SOLUTIONS f
A 2, Normal NaOH solution contains 0.93 pounds NaOH per gallon, so approxi-

1 mately 5 gallons of solution would have to be stored for each person for a
24-hour closed environment.

'If KDH were used, approximately 20 gallons-of 2N solution would have to
be stored per person since a 2N solution contains 0.67 pounds per gallon.

The cost of NaOH is $0.065-$0.08 per pound and that of KOH is $0.105 to
$0.12 per pound. The cost of stored chemicals would therefore be $0.72 for
NaOm or $1.45 for KOH. This equals 1.5 cents per man-hour for NaOH or 3 cents'
per man-hour for KOH.

The only necessary equipment for the process is a hand blower to bubble
the gas through the solution and a container. No auxiliary power is required.

50
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The predominate features of alkali metal hydroxides are:

1. low chemical cost
2. high rate of absorption

no power requirement.

* 2.3.2.2 Alkaline Earth Ld2roxldes The alkaline earth hydroxides
consist of Be(OH) 2 , XMg(OH) 2, Ca(OH) 2  Sr(OH) 2 and (Olt) 2 .

. .Most of these compounds are insoluble or are very slightly soluble in
water. Calcium hydroxide is soluble up to 0.025 gram moles per liter at 32*F
anry barium hydroxide octohydrate is soluble up to 0.17 gram moles per liter
at 500F.. All of the. other alkaline solutions are less soluble than these two.

The low solubilities of all the compounds in this group make their use impractical
in solutions.

F 2.3.2.3 Alkali Carbonates - Solutions of alkali carbonates react with
carbon dioxide and form the corresponding bicarbonates. Either sodium or...
potassium carbonates are practical from the consideration of volubility and
cost. The reactions can be'written as:

*li . Na C03  +0 H0 2NaRCO3
soln.+ CO2.+ H0 3soln.

Ior

K C03O + CO2 + E20 .0 2CO33 sojn. soln.

I As mentioned in Section 2.3.2.1, the heat of reaction for these equations amounts
[ to:.-319 Btu per pound of carbon dioxide, or 32 .Btu per man-hour for the sodium

carbonate, and 303 Btu per pouhd of carbon dioxide, or 30 Btu per man-hour for
the potassium carbonate.

The use of carbonate solution for carbon dioxide absorption in.a non-
regenerative system is not as efficient as hydroxide solutions because the rate
of reaction is less, the capacity on a pound basis is less a.larger volume of
solution is needed and as the bicarbonate is formed, (see Figure 13) the
reaction rate decreases. The solutions of carbonates are suitable for a'-

_r I- regenerative system whereas the hydroxides are not.

11 The equilibrium is controlled by the temperature. A low temperature shifts

the equilibrium toward the bicarbonate formation and a high temperature'shifts11 the equilibrium toward the carbonate formation.
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The concentrations used, for-carbon dioxide absorption are approximately
1 IormaJ. solution for Na2C02` and up to 2N solutio oK.C Thii is equivalent

[1 to 3.3 pounds of Na C0or8. 62 pudofKC pecbcotof solution.
The capacity of NA 2E; 3 isO0.415 pounds of~ cafoA :dioxide absorbed per' pouriA of
ia CO3 reacted, or 1.7poi~inds ot car1~on dioxide absorbed per cubic foot of

Na CO solution reacted. For potassium carbonate the capacities'are 0.314 pon.
o~ca~bon dioxide per pou~id of 1I.o3rece.o-.4punso abnd~ie

per cubic foot' of solution, receo327 ond fcro ixd

fIThe following quantities of' carbonate must-be readted and reagenerated per.
man-hour.

Solution Concentration 'Rate

Na 2CO 3  IN 0.073 cubic foot/man-br

[ .i2y0 3  - N0.0365 cubic foot/mam-br

Hazards

*Both sodium or potassium'carbonate solution are nonhazardous unless, taken
.~internally. They are nonflammable. Carbonates will liberate carbon dioxide .-

if they come in contact with acids.- There is no reaction withýbases.-- .,

Costs

rThe cost of the chemicals is fairly -low. Sodium carbonate in appoim ly
V~ 0.3prpndadptsimcboaei 005t.$.0955 erpun.9 !ep~

regenerative process, this would lie very small when compared ro the vessels.,t~ [ pumps and heating and cooling apparatus.

2.3.2. Ethanolamines -With the development of the nuclear submarine,,
f. the need for an efficient carbon dioxide scrubber became a.Aecessity. ror long

under water voyages. Caustic solutions.'are efficient scrubbers, but-they azre non-n'.-
regenerable so the quantity of cauttic required for the entiie voyage must be
carried onboard.. Ethanolamines absorb carbon dioxide and are 'easily regenerated;,
however, the material undergoes oxidation. with use and must be replaced. perioc~cal2y..

There are three etbanolamines'; each of which-is capable of absorbing CO2 and :

TI then .releasing it upon heating.,Ii Molecular
Compound - egtB. P., OF M. P., OF' -

Monoethai~olamine .61.1 342 50.9

Diethanolamihe 105.1 511 -82.4[ i riethanolamine 149.2 532 70.2'
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The reaction of etbanolamines and carbon dioxide ini the presence of water
can be- written as:

HO CMVVC2NH + H120. + Co2 H2CH2gN B0

(No CH2CH 2 N +,-%o + Co2  ..... (R .C..)2 .HC..

(HO CCH3N + HPO + Q02 ' O (HO C!c2C) 3 NE+ COi

The rate of the above reactions proceed to the right (absorption) for
deareasing temperatures and to the t(regeneration) -for inreeLi8. temperaturesl.

The absorption is carried out at d ioxi, thenthe spint solution enters athe .
r rator where desorption takes.placefrom 2"0 --o3

theoretical capacity for the absorption reaction is one mole of carbon dioxide
absorbed per mole of amino; (Ref. .-56) however, the actual woiking capacity is (1
dependent upon thepartial pressure of the CO2 in air, the temperature and the
concentration of the amine..

dThe following table illustrates- typical values for various concertrations

and t.emperatur•S of ethanolamines ahi. partial pressures of CO2 .

. TADLE 10(W-.~57)

THE M7ECT ON ETHWAOMdINE C'ONCE~fRATION OR TDOPMEMAUR
UPON _',RPION OF C_ DIO X

Amine Temperature pp of 002 ',Mol'aes C
Compounds Normality-- -ffg Ian amine

MEA . 0.5 32 :- 10.6 o0675

•. 0 77. 10.8 o.6•o
MEA2.0 - 32 114o.6o1i

',"A 2.0 77 . 10.6 0.327-

MEA -. 0 1 - - 10.1o4 . 0.,89.
5. 50 3P 11.5 0.600

5.0 77 1o.6 o.50,
7 ."-i MEA 9.5 32 - l1•, 0,538,

j l.A 5.0 122 10.4. 0.453,

MEA 9.5 77 11.1 .. 49!'
MEA 9.5 22 10. 8'. 0.443

.. ._ 12.5 122 10.9 ' 0.4 " . -'
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TABUE 10 (Contined _____

Amine Temperatur'e ppofl0es 00

[ Normality mM HS__ _ - oe -amine

DEA 0.5 32 1109741'

DEA 0-51 77 11.0 ..0.551 2

DI1A 0.5. 122 10.1 d.336>
DEA 2 10 32 115 .64

DEA 2.0 77"1 lO50.5

DEA 2,0 .122 10.2 0.302
DEA 5-0 32 1140.526

[DIIA 5.0 122 10.4 0;254

DEA 8.0 122 10.6 0.250

TEA 0532 10.7' 0.378

TEA 0.5 77 10.5 0.191

TEA' 0.5 122 8.3 o .681
fUTEA 1.0- 7710.8- M.61

TEA 2.0 '32 0. 0.263

HTEA 2.0 77 11-.0 0.09

TEA 2.0 3.22 9.4 -0.035
TEA 3.5 77 -10.01 0.06

TEA 5.0 3.<' 0.6 0____0___9

From the above table,. one., oan see that approximately- one-half mole of
carbon dioxide is absorbed for each mole of amine if the level 'of CO in thefl air is kept at 1. 5-,per cent or below. Using this..aasumptiazip ethono~miniee
would have the fo11owing capacities:

-. omouns b CO2  lb of &mine -

.11 amine b of C0 2 ,
0.36 2.77

DifEA 0.2,09 4.78
TEA o. 14864

UIf the material is used in a nonregenerative system) the folloving
quantities and costs for chemicals would be involved.
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"S t " " ConsumptioO Cost!. Cost
Substance lb/man-hr -. - / -

'MEA .'0.277 0.29 '0.'08 .'

DEA o.478 0.285 0.113.6
TE 0o.677 0.245 o.166

The quantities needed in a regenerative system-would depend on the tempera-
tures, equipment size, flow ratesland quantities ofr.ntioxidant used!. Since - ..

ethanolamines are subject"to decompositi6n and. oxidation) they would have to be
replaced after a certain length of time. in a regenerative system. The deecpapesi-
tion can be somewhat retarded by using stabilizers such as copper sulfate..

The maximum acceptable concentration of- any of the ethanolamines has been,
set at'1 part per million. (Ref. 58) The scrubbed air must therefore be
filtered to insure that there are no traces of ethanolamines .in it. Because .....
ethanolaminesare býasic compounds, a scrubber of an acid solution removes the
aethanolamines. Solutions of ethanolamines also have a tendency to foam and are
somewhat corrosive....

2.3.2.5 Alkazid M -Aikzid: M"$s the potassium salt oA,[the amino1acid
1X-methylalanine.Akz& i h ,sl mn

`,oý- k
C H3  moleocilar weight -141

Alkazid M is bellived to be much more expensive and.may be in limited- supply
since the-Only-knoi•in manufacturer is in Europe. p a "

'-". - ,: . .3,.6 Sulfate. Vroceas -The electroly tic, sULfate 'process abs~orbs ..

". ' 'Te sc from the atmosphere...55e desr'tptibn of this system is found in Section 2.2.22.5,
... "2.32,7 'Absorption'with-aWater ater-absorbs carbon dioxide from the.

- -. j atmosphere in a greater quantity -than it absorbs the "other constituents of the ai.
"Therefoe it can be used to separate the cArbon dioxide fro O a nitrogen. 1
This method of-carbon dioxide absorption-can either be used"batchvise Or.in.a
continuous process. Regenerationi can be easily. accomplished by heating since the
equilibritum capacity is a function of temperature. nd ihe partiil-.pressure. s- :C
"in the gasious phase.

The amount of carbon dioxide which water is capable of absorbing canbe
calculated from Henry's law.
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• : '.~~C02 . . .I7CO2

where, H Henry's constant .

. P p partial pressure of CO2 in the atmosphere.

X " mole fraction of 02. in solution

Poi the system carbon dioxide and water, Henry's constant has the following
values for Various temperatures. (Ref. 59)

Temperature, OF H

32 728
41 876
59 3. 220
68 1.420

S77 A640

86. 1860
Ii95 209010 2330

113 2570
.12 2830

140. 341o

Assuming a maximum c~rbon dioxide doncentration,.of 1-1/2% or 0.015 atm. and-,
a temperature of 770F, the followinglquantity of water would be required to-

I absorb I lb of carbon dioxide..

From the abov~e table

1640 atm

p 0.015 atm.
X 9' - 16 X, 10;

" fa weight fraction C02

- weight fraction water

M a - molecular weight of CO2
-= molecular weight of water

IMb
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ICI
a/a Rfa/ N

9 .1 6 x < l .- 6 . f a /4+ 4 •,; 3 ,,

f lb .02fa. 2..24'x lo-• •

Because carbon dioxide is produck at a 1'ate of 0.1-"pounds per mn-ýour/water for absorption must be furnished at a rate of' 447 pounds per man-hour•, [
This is equal to 53.5 gallons per man-hour.

Hazards -r

There are no hazards involved in this system insofar as toxic materials
are conerhed.

Although the use of water without additional chemical constituents would
absorb carbon dioxide and provide an emergency supply of drinking water, the it
volume and equipment nepessary make this process impractical. If'water is used
without regeneration, oY300 gallons would be needed per person for 24 pours.
This would occupy 165 cubic feet per person. "1

If regeneration ILs used, 4147 pounds of water per man-hour would have to be

forheatedfbsorpo70F to approxmately 200 for regeneration and then,-refrigerated

2.3.3 Carbon Dioxide Adsorption

Carbon dioxide can be adsorbed on .the iuiface of certain porous solids . .
which have ,a. large surface area In' proportion t&-thei .weight. These substances
are easily regenerated because the-bonding is a function of physical propertieg.'5
rather than chemical properties.

maey 2.3.3.1 Molecular Sieves - Molecular"Sieves are synthetic teolites'.
made by the Linde Company. They have an affinity for certain moledules which .
they trap in their pores., Among these, are water, h•drocarbons and carbon diO1de,.ý
The capacity of carbon dioxide is dependent upon the partial pressure and thei
temperature 'of the carbon dioxide in the air to be scrubbed. Below is a diagram
showing capacity as a function of partial pressure at 7717.
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.0I1 17.0 _ _ 10=

Carbon Dioxide P"rtUa1 Pressure,' of ag

Figure 114 CAPACITY -OF. MOLECULAR' SIEVES AT, 701F (Ref .

* If the carbon dioxide 1eve1l is maintained at 1-1/2% the following a~Wt
of adsorbent are required.

lb CO2
*11Sieve Type Capacit' ý100E bAdsoribent

14A .

5A .-. 9.3

'ii L3X .7.14

11 . .Heat-of Reaction,
'The heat of 4dfsorption, for carbon dioxide is. much lower thaný h t o

adsorption of CO with -caustic 'solutiahs'.* The heat of -aasorption is 300.l _-,-
per pound of cagndioxide or 30 Btu per man-hour.

7 -,
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Special Requirement

Before the air from the environment is-passed through the bed of Molecular
Sieves it must be completely dry because Molecular Sieves have a greater affinity
for water than they do for carbon dioxide This can be accomplished by first
passing air through la bed of desiccant such as silica gel-. 1

SIf.olecular Sieves are used without regeneration in a: simple bitch process.
approximately .'l pounds of Type 5A sieve would be:required per man-hour.
Because of the high cost (about $1.55/ib) a nonregenerative system is not [-
practical from a cost comparison.

Molecular Sieves loaded with carbon dioxide are regenerated at room tempera-
ture by applying a vacuum to the bed. A cooling perioa is not required because
it is not necessary to heat the bed. Therefore if the cycle is changed from
adsorption to regeneration every hour, 1.1 pounds .will be required per person
for' the regeneration unit.

2.3.3.2 Other Adsorbents - Other substances which will adsorb carbon |
dioxide from a dry atmosphere are silica gel, activated alumina and activated.
carbon. The 'capacity of these adsorbents is lessathan Molecular Sieves by a
factor of 5 to 10. At a partial pressure of 11.4 mm Hg or 1-1/2% C02 , and a
temperature of 770F, the adsorbents have the following capacities. Il 2 (Ref. 6o-F

"Adsorbent Capacity iIb diorbent

Silica Gel 2.2

Activated Alumina 1.0.

Activated Carbon 0.8 i
Based on the above values, the following quantities would be used per

man-hour.

:Adsorbent Rate used lb
man-hour

""Silica Gel 45
Activated Alumina 10

Activated Carbon 12.5

The material is used then in the same manner as the Molecular Sieves
described in Section 2.3.3.1. The following quantities would-be Tequired per
person if the cycle is reversed every hour.

Adsorbent Quantity

Silica Gel 9.0 lbs -

Activated Alumina 20 ,

Activated Carbon 25
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Silica gel and activated alumina have a greater affinity for water than
they do for carbon dioxide so that the entering air must pass through a bed of
desiccant before passing through the bed of carbon dioxide adsorbent.

2.3.4 Mechanical Carbon Dioxide Removal

2.3.4.1 Freeze-Out Technique - Carbon dioxide may be removed from,
air in a-manner similar to that of removing moisture from air by dehumidification.
The air is cooled until the dew point of the carbon dioxide is reached. Further
cooling results in the separation of the carbon dioxide in the form of solid
crystals. If the air contains 1-1/2 per cent carbon dioxide, the carbon dioxide
will not begin to precipitate until -1850F. To remove 90 per cent of the carbon

I dioxide the temperature will have to be further' reduced to -2120F.

The~amount of refrigeration needed to, carry out such an operation would be
impractical when more simple scrubbing methodsa are available. Also a power
loss would result in a shut-down of the equipment.

2.3,4.2 Diffusion Methods - Gases will diffuse through a membrane at
different rates so that a separation will take place and concentrations will
change. The following table lists the relative diffusion rates of various gases

: - through rubber. (Ref. 62)

-.... . Gas- --- Relative Rate -

f Nitrogen 1.0 (basis)

i- Acetylene 0.85

Carbon dioxide 13.7

' Oxygen 2.29

- When natural rubber is used as the membrane, approximately 1100 square
feet of surface area are required to diffuse O- lb of CO2 per hour per person...
At the same time some of the oxygen would be lost.

. . •The large surface area required makes this method impractical at the. .
present time.

[2.3.5 Comparison of Various Carbon Dioxide Removal Systems

The following table is a comparison of carbon dioxide removal systems.
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TABLE ii
coMu AISON OF SYSTI MS

Heat
Type Reliability Power Cost/manAhr Storage Liberated

Requirement 2andling Btu/man-hr

othium I V
Hydroxide Good None $0.48 Pair-Good 130

Sirale e Good Manual Fair-Good8 100
Soda-llme Good Manual 0.180 Fair-Good 105
Sodium or l
Potassium Fair None LOW Fair 14o|J

Hydroxide
Silver Oxide Good None 8.00 Good "80 I

Alkali Good -Manual 0.18-.25 -Fair. •107k
Hydroxide 90o1.1 "

Alkali' Carbon- Fair Manual 0.24-0.33 Good 30 "1

Ethanolamines Fair Manual 0.28-0.68,. Poor-Fair

AlkAzid M Fair Manual High jUnknown

Water Fair Manual Low Good

Molecular-Sieve Fair Manual 1.55 Good 30

AiSilica Gel Fair Manual Moderate Good

Activated I
Alumina Fair Manual 1.20 Good

Activated Carbon Fair Manual High Good

Freeze-out Fair Very High High Fair

Diffusion Fair Manual High Fair

Removal of carbon dioxide can be accomplished with either a solid-gas

reaction, liquid-gas reaction or adsorption.

Reliability

Solids - Lithium hydroxide, Baralyme and soda-lime have all been used to
control the CO level aboard submarines. Silver oxide has been suggested as a
regenerable abiorbeint for carb~on dioxide in space vehicles. Potassium~and.
sodium hydroxide have a good theoretical capacity, however the formation of
surface carbonates hinder the reaction.
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Solutions - Alkali hydroxide solutions are the most reliable of themvarious
solutions considered. They are used industrially and for submarine service.-
Alkali carbonates are usable but they do not have as rapid a rate of reaction as

Sdo the hydroxides. Ethanolamines are used for carbon dioxide scrubbing however
•they are subject to-.oxidation and have a tendency to foam. The reliability of
Alkazid M is not known at this time since this chemical is not widely available
in this country. Water has only fair reliability because an increase in water
temperature will decrease the capacity of the process.

Adsorbents - Molecular-Sieves, activated alumina, ard silica gel have a
preference of water over carbon dioxide; thus any trace of moisture reaching
the bed would drive off the previously adsorbed CO2 and prevent further CO
adsorption. Activated carbon will adsorb high molecular weight compounds..n
preference to carbon dioxide so this adsorbent can be poisoned by contaminants
with the shelter.

Mechanical Methods - The reliability of freeze-out techniques is dependent.
upon the reliability of the power supply for the refrigerator. Diffusion is of
questionable reliability since this is not. a commonly used method and a. pupcture

' of the membrane would ruin the operation.

Power Requirements.

r - I • Solid Absorbents -- Solid absorbents can be used without a forced air systemi
however if a nanual blower is available-the efficiency of absorption will be
increased.

' Liquid Absorbents - A manual blower is needed in a liquid system in order
to bubble the air through the solution. Additional power is required in a
regenerable system for heating and cooling.

S - Adsorbents - Adsorbents require a blower to move the air:lthrough the bed of
granules and if regeneration is used, a method of heating and cooling is also
required,

Mechanical Methods - The freeze-out method requires a large amount of power
for refrigeration while the diffusion method requires only a blower.

Costs

The cost of the chemicals for carbon dioxide on a man-hour basis were shown
in Table 11, These costs are based on a nonregenerative system. Where regenera-
tion is used, a smaller investment is needed for chemicals; however, the investment
in equipment is greater.
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Storage and Handling

Solid Absorbents -. All of the solid absorbents consist of caustic-materials
which should not be handled directly with moist hands. Thi alkali hydroxides
are especially irritating in this manner,. Dusting is another probl em encountered
with this type Of absorbent;. However, manufacturing techniques are helping to
overcome this problem. i

The shelf life should be indefinite as 'long as the material is kept sealed;

however the manufacturers of Baralyme recommended a storage period of not longer"
than 4 years.- Soda-lime probably is not storable for periods of time longerthan this.

SLijuids -Alkali hydroxide solutions must be stored in suitable containers
and all contact with the skin must be avoided. Alkali carbonates are also

caustic but contact with the skin is not as serious a problem. Ethanolaminea
* will not affect the skin of most persons for a short contact however, the vapor
of these compounds are hazardous in concentrations greater than 1 ppm. Alkazid M

;is much less-toxic than the ethanolamines and has less +problems when it is used. ,Water presents no problems except the storage of a very large quantity of liquid.

Adsorbents - The solids which remove carbon dioxide by adsorption have good
shelf life as long as they. are kept sealed and moisture-free. ,Handling is simple
"because the material would already be in its canister. Thus one would uncap the|[
-ports and hook-up a blower.

handl i ca. Method -- Mechanical methods present no problems of storage or
,handling.

.Of the various carbon dioxide absorbents, the following will be subjected

to further evaluation. Lithium hydroxide, Baralyme, and Soda-lime will be
compared to determine the best solid absorbent at a reasonable cost.

Other absorbents will no longer be considered because of hg ot o
capacity, unreliability or toxicity.

[1
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2.4 Odor and Contaminaht Control

Within a sealed environment, there .exists a possibility of,,toxic and noxious.
materials accumulating and producing adverse effects-upon the'habitants of the
shelter. These substances come-from both equipment and humans. Fuels, lubri-
cants, and 'oils produce various hydrocarbons; refrigerants pfoduce Freons and
electrical.discharges produce ozone. The human body will piduce esters and
fatty acids from perspiration, ammonia from urine, and hydrogen sulfide, ammonia,
phenols, indoles, skatoles, mercaptans from feces and flatus. Odors can also
come from food preparation or-decay of garbage. Partial oxidation of certaincompounds will convert, a low odor chemical to a high odor compound. An example

of this is shown below.

Butanol - Low odor

Butyaldehyde - High odor

Butyric acid. - Very high odor

Table 13 is a list of the permissible levels of various compounds which
could be found ,in a sealed shelter. These values are based on an eight-hour
industrial work day. The fact that these are values for an eight-hour exposure

Fil- instead of a continuous exposure is somewhat corrected by the fact that they are
based on an indefinite number of working days whereas the confinement in the
shelter probably would not be-more than one day without ventilation.

Where the different authors give the same value, one number is listed in
the,table, Where there is a disagreement, all the values are given.

These chemicals can be removed by adsorption on porous materials having a,large surface area such as activated carbon-or Molecular Sieves, absorption such
as the removal of the acid gases by the carbon-dioxide absorbent, or combustion j
promoted with -catalysts. Another industrial method- is the use of masking odors
to cover up the obnoxious odors, but since this does not remove the contaminant ..
it will not be given further consideration.

2,4.1 Activated Carbon

Activated carbon has been used since World War I to adsorb poisonous and
obnoxious gases. Activated carbon will adsorb practically all organic chemicals , .
except those of low molecular weight. It will also adsorb certain inorganic
materials. Generally, the.attraction for adsorption increases with. an increase

j! in boiling point and/or an increase in molecular weight.

Since the removal of contaminants from the air takes place by physical
attraction rather than chemical reaction, the heat of adsorption is much less
than the heat evolved from chemical absorption.
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TABLE 12 (Refs. 63, 64 and 65) . .

PAMISSIBLE LEWMS OF VARIOUS COMPOUNDS IN AIR fj

Substance MAC*, plm Substance MAC, ppm

Amonia 100 Gasoline 500

Carbon dioxide 5000 Toluene 200

Carbon monoxide 100 Xylene 200

Carbon tetrachloride 25-50 Benzene, 35-100

C C12 F2  100,000 Formaldehyde 5-10 jjl
Hydrogen Chlorid ' . 5, 10 Ozone 0.1-0.05

Hydrogen Fluoride . 3 Fluorine 3

Hydrý6gen Sulfide 20 Percuy 0.1 mg/m 3 -Oi. g#

Methane " 10,000 Areolein --0.5

CH Br 20 Stibine 0.1

-CBr! . 4"0. Phosgene 1

NO2  5, 25 y. Alracetate 201

NO 25 "' Butyl acetate 200

NO 3  . , 25 Carbon bisulfide 20

Phenol 5 Dichloroethylether 15

Chlorine 1 -Ether 4400

Freon 12 1,000 Ethyl- acetate 4100 "

Ethanol 1,000 Ethylene dichloride . 100

Methanol 200 Hydrogen cyanide 20

Freon 114 1,000 Methyl chloride. 100

Trichloroethylene 200 Styrene 400 "[

Sulfur dioxide 10

Maximum Allowable Concentration
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Some of the chemicals which activated carbon adsorbs are listed in Table 13.

TAM.E 13 (Ref. 66)

ADSORPTION CAPACITY OF A-CTIVATPED CAR~BON.

Substance Dynamic Capacity wt. of gas
_____________ .t of carbon 1oo)

" Butyric acid 40%

Valeric acid 40

Indole 25

Skatole 25

Sewer odors High

Toilet odors High

S• Ca'ron Tetrachloride 45

Pyrdin 25
I:

Nicotine 25
Nitrobenzene .20

S.Putrescine 25.

Body odor High
Cooking odor High

Raw food odor High

Chlorine 15

Bromine 4o
Iodine 40

Hydrofluo•,ic acid 10

IJ Hydrochloric acid 12

I Hydrobromic acid 12

-*Nitrogen dioxide 10

Nitric acid 20

Propane 5
Butane 8

Pentane 12
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TABLE 13 (Continued)

Substance Dynamic Capacity (- wt. of gat

Wt fcaobn-x 111
SHexane 16
Heptane- . 23

* . Octane, nonane or decane 25i Acetylene 2 [

Butyne 8
Ethylene 3

-Propylene " 5SPentalene 12

fBenzene . 25
Toluene 29
Xylene 34
Turpentine 

32.
Naphthalene 30 1)
Methanol 10"Ethanol 21 13
Isopropanol 26
Butyl alcohol 30 .f

Amyl alcohol 35
Methyl ether 10
Ethyl ether .15
Isopropyl ether 18 .
Butyl ether 20 I
Methyl mercapten 20
Ethyl wercaptan 23 111
Propyl mercaptan 25
Carbon bisulfide 15 11
Sulfur dioxide 10

Sulfur trioxide, 15
Cresol 30
Menthol 30 V
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TABE 1 (Continued)

substance. Dynamic Capacity Of 9A 8 X100)
of carbon

- -Formaldehyde 3
Acetaldehyde 7
Butyraldehyde 21

-Acryaldeliyde 15

Crotonaldehyde

Formic acid 7

Acetic acid* 40

Propionia'acid ~4o
Acrylic acid 20

Caprylic acid 35

L1actic acid 30

Methyl acetate 16

ItEthyl acetate 19

Xsoprotyl acetate 23

Amyl acetate 314

I-Butyl acetate 28

Acetone 1.5

Detlilethyl ketone 30.
Metylethy l ketone 20
Methyl isobutyl ketonie 30

rEncalyptole 20,
Camphor 20

Essential oils High

Methyl Chloride 5

Ethyl Chloride 12

Isopropyl chloride 20

Butyl chloride 25

Methylene chloride 25

"Sulfuric acid 30

Hydrogen sulfide 3
Water Low
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Activated carbon is best used dynamically in a bed or canister wtih air
circulated through it. by means of a blower. This arrangement forces most of r
the air to eventually pass through the bed and thus keep the level of contaminants [ 1
low. In a small shelter the activated carbon will still absorb contaminants if
it isaspreadin trays. However, poor air circulation within the shelter woula
lower the effectiveness of the adsorbent. There are-'h6 hazards to health insofar
as the c~arbon is concerne, however, it may adsorb chemicals which acre toxic,
thus-spent adsorbent must':be carefully disposed of.

The quantity of carbon needed.varies with size and makeup of shelteri but
* from one-quarter to one-half pound per person should be sufficient for most.

situations. Assuming the activated charcoal costs $0.65 per pound and one-half ri
were supplied per person, then the cost of removing odors and contaminants would,
be $0.33 per person. ¶This cost does not include the cost of the blower. If the
carbon bed is put in series with a carbon dioxide scrubber or other circulation,
equipment, an additional blower would not be needed. •

2.4.2 Molecular Sieve 13X' .

Molecular Sieves will remove practically the same contaminants as activated IA
carbon. Depending upon the size of the adsorption bed, a choice is available
from among a powder, a 1/16 inch pellet and a 1/8 inch pellet. The Linde Company
recommends that the ratio of bed diameter to' pellet diameter be at least 20. . i

"The capacity of Molecular Sieves increases with an increase of either the

molecular weight or the boiling point of the adsorbate.. -

The following are generalizations concerning the use of Mol~culdr Sieve 13X "
to remove contaminants present in air in concentrations of I to 5 Ppm, tempera- [2
tures of 68 to 906 and flow rate of 100 foot per minute and atmospheric --

pressure. 
(Ref. 67, a 

.5

1. There is no adsorption of aliphatic hydrocarbons wit•h three -

or less carbon atcms.

2. Nonpolar alphatics which have seven carbon atoms ormore have -
a breakthrough capacity of approximately one-half to one per _
cent the adsorbent weight and a minimum effluent concentration
of 0.5 ppm or lower until breakthrough. [2

3. Simple nonpolar aromatics have a breakthrough capacity of
approximately 0.4 weight per cent. The minimum effluent con-
centration for benzene is 0.4 ppm and is 0.3 ppm for toluene. ..

4. Polar low molecular weight compounds such as ethanol have
characteristics similar to benzene.
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5. Polar aromatishave a breakthrough capacity of approximately
t II ~~one weight per cpont and-a minimum effluent onetainof

* ~ ; I~0.1 ppa until breakthrough.

t.-

-For the most part, activated carbon will adsorb the same compounds as
Molecular Sieves at. a much higher capacity. Since activated carbon costs
approximately one-third as much as Molecular Sieves, and has ten to thirty
times as much capacity, there appears to be no special advantage in usingt Molecular Sieves.

2.4.3 Combustion

[ Combustion of contaminants reduces the organics to carbon dioxide and
water. This may be accomplished by passing the air over a flame, but this
would add unnecessary heat to the shelter, consume oxygen, and produce carbon
dioxide.

* In order to decrease the temperature at which the oxidation takeaoplace
the combustion can be accomplished catalytically using either Hopealite or an
inert metal such as platinum.

2.4.3.1 Hopcalite - Hopcalite was originall developed for the U.S.
Navy during World War I to catalyze carbon monoxide to dioxide in gas masks
used aboard submarines.

• This is a coprecipitated catalyst containing equal portions of manganese
oxide and copper oxide. (Ref. 68)

, Hopcalite has the-characteristics of oxidizing carbon monoxide to carbon
dioxide at room temperature, and hydrocarbons, organics or hydrogen at 6501.-
The majority of the compounds are oxidized to carbon dioxide at a conversion

. �Of 80 to £00 per cent, while methaneis converted to carbon dioxide and water
- ~ at only 5 to 20 per cent.

IMoisture willpoison the catalyst at temperatures below 250, so that
moisture must be removed from the air before it is passed through the catalytic
bed or the reaction must be carried out above 250'F.. The high temperature

L reaction is preferred since at the elevated temperature, the catalyst will not
absorb hydrocarbons and form a possible explosive hazard.

Hopcalite is manufactured by the Mine Safety Appliance Company and is used
in units of their design.

2.4.3.2 Metal atasts - An example of a. metal catalyst is platinbum
wire or gauze which is heated to 5009F. -Another method is to deposit the
platinum on ceramic rods or nickel alloys and preheat the air before passing
over the catalyst.
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... . IThe principal advantage of this type of oxidation is that the reaction is
carried out at a temperature 5006, to. 800*F below an uncatalyzed incineration.t

.(Rief. 69) . I'
Heat exchangers are necessary to conserve the amount of power needed to heat

""6he air to 500*F and prevent hot gases from passing Airectly into the shelter. .

. The primary requirement is that all of the constituents are in the gaseous
state. t th

* Catalytic methods have the disadvantage of adding to the heat ibad of the
shelter and requiring a source of power to maintain the necessary temperature
for the reaction.

2.4.4 Comparison of Contaminant Removal Systems

* Reliability.. Ad•vated carbon and Molecular Sieves are reliable n!aorbents
which can be utilized-without power at room temperature. Hopcalite and platinum
are oxidation catalysts wIich remove carbon monoxide and low molecular weight

hydrocarbons which are not adsorbed. These depend upon the reliability of the
power supply to heat the air up to 5000F.

Power Requirement. The adsorbents require no power-although a hand blower [1
and canister process is more efficient than simply spreading the chemicals in
trays.

A system using catalytic oxidation requires power to raise the temperature
to 500OF. This must be furnished by either electrically heating theplatinum.
wire or preheating the air with a burner such as a propane torch.

Cost. The cost of actLvated carbou is approximately $0. 6 5 per pound, thus
op the basis of one-half pound required per person, the investment would be
about $0.33 plus the container cost. " -

Molecular Sieves cost approximately $2.00 per pound and remove practically
the same contaminantsas activated carbon. p

Storage and Handling. Contaminant control chemicals present notunusual
problems in handling or storage. They must be kept in sealed containers or o ,
canisters and connected to a blower when needed. The materials themselves are
not hazardous but may become contaminated with toxic compounds.

The spent adsorbents should be carefully disposed of in sealed containers..

The catalytic combustion units will be built into the oxidation apparatus. .
In fact, Mine Safety'Appliance Company only sells Hopcalite in units of their
design.
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2.5 Thermal Control

13 • The temperature rise, ei in underground shelter is dependent upon many
factors as shown by the following equation. (Ref. 70) I:

6 Ak (af(F) + 7.)'F a

where, ai - air temperature increase, *F

SA = total shelter surface area, ft 2

q'~ -- steady heat input to afr, Btu/hr .. I..
I = ,toermal conductivity of soil, Btu-ft/br-ft 2-F (Table 14)

a = shape, factor for shelter, ft2

a 0 diffusivity of soil, ft 2 /hr (Table 14)

t a time hr
: Ii U' rcoefficient dfheat transfer between air in

shelter and shelter wall, Btu/hr-ft 2 -oF

The final temperature is the sum of the-initial soil temperiture and the tempera-
ture rise.

Figure 15 is 6 plot of temperature rise versus time calculated by this
-" equation for a 10-man, 10-foot by 12-foot by 8-foot underground shelter

"fabricated of 3-inch concrete surrounded by three types of soils. A heat
addition rate of 700 Btu/hr per person (500 Btu/w. .metabolic plus 200 Btu/hr

S " process and waste heat) is assumed. A sample calculation of the air temperature
increase for a shelter surrounded by a normal silt at the end of 24 hours-followe:

a2. A - 92.ft 4 f 2.a r = = 474r

*' 0.0198 ft 2 /hr x 24 hr... F . -• . . " 0.01 "l

a2 47 ft2

f(F) - O <11

7000 Btu/hr [69fL .11 + i677jfc/r
2 2

,! ,, • • , • -,< o .• 6 B u- / h -r • -, "f :O-F• • -
52ft2 x o.516 Btu-ft/hr. ft 2--OF_

- 370? (increase)

I7.
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As shown by the Figure, unbearable air temperature may result within.24
hours, dependent upon the initial soil temperaturet. The lhr,,. ::,wiLers will -.

produce even higher temperatures because of the 'higher heat 'loading per unit
of wall area.

In a few isolatia situations the addition of heat may be required in shelters,
but in the great majority of cases both sensible and latent heat must be reJpcted
from the shelter environment. Sensible heat may be removed from the environient
by convective heat exchangers and rejected.to an external sink 16y active refri-
geration systems or miscellaneous passive systems'. Latent heat may be removed -
from the atmosphere by mechanical condensation methods .(cooling below dew point
or compression until the water vapor pressure is higher than the saturation Ii
pressure), or chemical condensation methods (absorption or adsorption). IA

2.5.1 Heat Removal by Mechanical Process [

Any surface in the shelter environment' which is at a lower temperature than
the-shelter air will remove heat from theair. These surfaces may include spray
chambers, cooling coils, or the shelter walls. Only sensible heat isWtransferred
if the surface temperature is higher than the dew point temperature of the air,
but both sensible and latent heat are removed If the surface temperature islower than the dew point temperature,

The cycle diagram for surface cooling by a coil in which a refrigerant is
circulated is shown below:

t

2&2

t

rEU
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The leaving airis usually not saturated as it is in the case of-a water spray.
-chamber cycle shown below:

I With a spray chamber the approach to 100-per-cent contacting efficiency

15I between air and water permits the asauption of saturated leaving-air conitioc.
I ~Water and air leave at approximately the same temperature,, which is considered

•1 ~as the apparatus dew point. ..

i • The performance of a. cooling surface is considerably more .complicated to
predict. It is basically d~ependen• upon: •(1). temperature differential between
the apparatus dew point and the mean refrigerant temperature, and (2) the by-paaa

.,U factor. Temperature differential, in turn, is dependent upon:. .. - .
I ~~~1. The. design of the entire coil apparatus. with respect .to prime " ° .

Ii 1• surface and extended surface in ratio and arrangement. o.' 2:v. ...

!2. The refrigerant characteristics, o A• .-

-TI

i3. The refrgerant circuit arrangement With respect to refrigerant c .y,

velocity and distribution. the as o . . ,_
a 4. The rate of loading (Dtu/hr.ft 2 ).

The by-pass factor for a given coil depends on:

Sf. Th r physical form a otlhe surface. .-

2. Air velocity over the surface. (The by-pass factor increases •
slightly as the velocity is ihncreased.) rp to---

s 3. Ta e ratio of surface area to free area in g : unit .depth of coil
e _

4. The number of units in seriesin the direction of the aIr flow.-
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"The total heat transfer for either a spray chamber of cooiing coil may be:
expressed as followst a h

- Q.-V(l BF)(h 1 -h )

.. ere, Q = heat rejected, Btu/hr

V air.flow rate, - ft3/mIn _ .

BF - by-pass factor

.h c enthalpy of entering air, Btu/lb

has - enthalpy of air at the apparatus dew point

To illustrate the principles previously described, the performance of a typical
cooling coil is depicted on a Psychometric chart below. fl

~~ 

r iI

50

Dy Bl Au.emparaturepoF
V

L• 

point A re present s the p[r op~ertie s of the air en t•erin g the co i•l. As slho wn,}

air at a DBT of 85"F and a WBT of 690F contains 0.0115 lbWV per ib- A .A wit
these properties can be cooled to 617F before condensation occurs The enthalpy

of the entering air is 33.3 Btu/lb.

F
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Point C represents the so-called apparatus dew point which is the effective
surface temperature of the cooling coil when condensation is. present. The DBT
and WBT of the air leaving the coil, point B, is less than the apparatus dew
point as shown. The ratio of the length of line XC to that of line AC represents
"the coil by-pass factor, which, for this example, is approximately 0.2.

The enthalpy of air leaving the coil is 25.3 Btu/lb. Therefore, 0.8
(33.3 - 25.3) or 6.4 Btu of heat are rejected for every pound of air passing
through the coil. The water vapor content of the air leaving the coil is
0.0009 lb/lb so that 0.0025 lbr are removed for every pound of air passing
through the hil.

! 2.5.2 Heat Removal by Chemical Process

Latent heat may be chemically removed (converted to sensible) from the
shelter atmosphere by either absorption- or adsorption-týpe desiccants. The
minimum amount of heat liberated during condensation of one pound of water at
77,'F and 14.7 psia is 1050 Btu regardless of the method. Absorption in which
the water reacts chemically with the desiccant to form a hydrate or hydxoxide,
generally liberates a 'heat of reaction (exothermic reaction) in addition to the
heat of condensation. Certain desiccants which react endothermically with

p. water do exist,but are not practical. Adsorbents, such as silica gel in which

the water is-pBysically attached to the surface of the material, usuaily.
liberate-a much smaller amount of heat.--

f" 2 5.2.1' Typical Example - A typical exothermic dehydration cycle
is depicted on the psychometric chart below:

Deydato 412

•. •U

,.mdity atio,

S1-~~).005".° •f Sensible Cooling

9,' 814 90 130" "

1 (Dry Bulb;, O
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As shown, 0.121 lb per lb are removed as air passes through the desiccant.
A8Also, it is noted Rat the Oy bulb temperature increases from 84*F to 130*F.
In comfort air cond.itioning, where abstraction of both sensible and latent heat U
is required, the dehydration process must be supplemented by equipment for
removing the total heat, both sensible and latent contributed by the process.
This is shown on the psychometric chart by sensible cooling to a dry bulb
temperature of 90F, and par'tial rehumidification t6 a useful dry bulb tempera-
ture of 680F.

The temperature increase and humidity decrease are functions of many,
factors including air flow rate,-equipment.design and type of desiccant employed.
A survey of desiccants is found in the following section.

2.5.2.2 Desiccants

2.5-.,2.2 Calcium Chloride -Calcium chloride is one of the fll
oldest used desiccants. The gas industry was one of the first industries to
take advantage of its absorption properties in order to prevent corrosion in
pipelines. Calcium chloride is also widel.y used to control the excess moisture '
found in basements duming the summertime.. (

This chemical forms a number of hydrates. These are CaCl 2. H20,. CaC12 . 42H20,
CSCl 2 -120,._and. Can 2  6H0

At temperatures below 86"F the overall reacton is

caCl 6 + 6Ho - 0aC12 • 6H0 + 154,000 Btu

This equals 1,130 Btu pee pound of water of 143 Btn per man-hou, Sine

1050 Btu are contributed from the latent heat of condensation, 380 Btu must lcome from the hydrate fo-mation.

Calcium chloride Is commonly used as a solid which dissdlves into a solution
of CaCl 2 - 6H0o and water. At 80"F, the solid state is maintained through the
formation of the nexahydrate. Any water absorbed after this dissolves the solid
and a 2-phase system exists until the CaC holds 1.2 pounds of water for every
pound of CaCl 2 o After this the entire miture exists as a solution.

The phase diagram in Figure 16 shows the phases and hydrates formed at {
various temperatures.

Because two phases are involved, a container is needed for the crystals
"and another one is needed to catch the drippings. The common household units
consist of a wire mesh container which is placed in a pan or pail. As the solu-
tion forms, it runs down Whe be!. and drops into the pan. The low cost of the
material makes it feasible t dlicca-d the, spent solution.

Ii
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Figure 16 PHASE DXAGRAM FOR THE SYSTEM CALCIUM CTIE=DE-WATER (Ref, 71)

Hazards

i Calcium chloride Is nontoxic and as a pure material'is noncbrrosive; ffowever,
in solution it forms anelectrolyte which promotes corrosion.

Capacity

The amount of calcium chloride required depends on the relative- humiditySwhich is to be maintained. Figu.re 17 ohows the equilibrium capacity for various
desiccants as a function of relative humidity.

The equilibrium moisture content at 50 per cent relative humidity is 1.6
k pounds of water per pound of calcium chloride. This would mean thbt 0.555pounds"

of desiccant are required per pound of water or 0.055 pounds per man-hour.
Because these are equilibrium values, it is probably necessary to add extra
desiccant. Using a~factor of 1.90 per cent of the equilibrium requirements would
bring the amount to 0.0832 pounds per man-hour or two pounds' for 2,+-hours.

I81
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Calcium chloride costs approximately $0.06 per pound for quantities under
one ton and $0.02 for carload quantities. On the $0.06 per poun.I basis, the
chemical cost per person for 24 hours would be $0.12.

The advantages of calcium chloride are high capacity and low cost, The
disadvantage is the handling of the dripping of solution.

2.5.2.2.2 Sodium Hydroxide or Potassiu lroide - The hydroxides.,
of sodium or potassium also react as dissolving solid to rembve moisture from
an environment. The reaction of sodium hydroxide is,

NaOH + 20 (gas) . > NaOH H20 + 24,300 Btu

This is equimalent to 1350 Btu per pound of water or 135 Btu per man-hour.

The alkali hydroxides possess a strong dehydrating power as an anhydrous
material. The surface soon becomes covered with a film of water and the rate
is then dependent upon that of the saturated solution. The solution does not
have as great a dehydrating power as the anhydrous form. (Ref. 72) The optimum
working limits for,ý.alkali hydroxides are considered to be from 85 to 1204F for a
saturated solution or a dissolving solid. (Ref. 73) Alkali hydroxides also
absorb carbon dioxide and thus can be used for a dual purpose absorbent.

On the basis of the equation, NaOHt v + Ho 0 0 Na0H.H 2 O, 2.2 pounds
of hydroxide are required per pound of AN• bsored. The actual •apacity at
70-80OF to maintain a relative humidity of 50 per cent would be greater than this.
Assuming a capacity of 1 pound of hydroxide per pound of water removed, would.
require 2.5 pounds of desiccant per person for 24 hours. On the basis of a
material cost of $0.08 per pound, the cost of stored material would be $0.20.

S. For potassium hydroxide .the material cost would be.$O.ll per pound, so assuming..
the same capacity, the material.cost would be $0.23 for 2A hours.-

Alkali hydroxides have the disadvantage that they are toxic and corrosive.
They react violently in the presence of strong acids.

Alkali hydroxides have no advantage over calcium .dhloride except that itwill coabsorb carbon dioxide. The higher material cost, toxicity of material .

and corrosiveness tend to make calcium chloride a more suitable material..

2.5.2.2.3 Lithium Chloride Solution - Lithium chloride is a salt _

which may be used as a dissolving desiccant such as calcium chloride, however,
when it is used, it is more commonly used in solution. At 804F a concentrated
solution contains-1.25 pounds of water per pound of chloride, while the equilibrium
concentration at 50 per cent relative humidity contains 2.65 pounds of water per
pound of chloride. Thus a concentrated solution could pick up 2.65 pounds of
water.
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The average amount of' heat liberated duving the absorption of 2.65 pounds
. ao water with one pound of chloride eaquals 200 Btu (Ref!. 74) per pound of LiCl

or 110 Btu per pound of water. This is equivalent to 11 Btu per man-hour. If
*a saturated solution ef lithlui obloride is used, 65 Btu are liberated per pound

of lithium chloride, in absorbing from 2.65 to 1.25 poundU of water. Based on a
pound of water, this equals. 46.5 Btu or 4.6.5 tu peer man-hour. Thevalues are [
for the salt and water. Tu them must be Mlad. the latent of condeflsation which

[is 1050 Btu per Pound of ,iater or 105 3tu per ma2-hour. . *

Hazards

idthium chloride is ewxtoxict but lar.ýge doses taken internally may cause

dizziness. It is also considered to be noncorroýive except toward alloys of
magnesium. It is corrosive in the soese that. it is a good electrolyte which

* • will promote electrolstlc cortrosaon. [!

If the lithium ch6ltIJde Is used as a oatu-;ited solution,- 0.0715-pounds
would be required per hour2 Ini d.rn quantitios, this would cost $0.86 per
pound of talt or $0.0615 per man-hour. 9Te ntored material would be 1272
pounds of solution ;er person for- 24 ho'x.cs or an ±nvestment of approximately
$1.50. It the lithium chloride is used as a dissolving~solid, 0.0378 po'unds
would be required per mnan-khoar at a cotur $O.03a5). On the basis of 24'hours,

- 0.9 pound would be requirede per person. h'_.-s would cost $0.75..,

Lithium chloride is a very good desic.cant f.rom the sbandpeint of capacty, (1
low possible relative humidity, low heat, of absorption. .The only drawbadk is
that it is several tilres as a:ens:ve. as calcium chloride.

2.... Sulfucric. Ati..d Sulfurvic uvd "Is effective in rem~Vn
Smoisture f±rom the air. At 50 per cent relative hrmidity., .15 pounds. of water
are absorbed by 1O0 poui'.d 10 J.0% a•id.

Thu heat liberatcd wbhtn one pouynd of 1.00% a.id absorbs 1.25 pounds of water II
"is 2,75 .33, or 220 'B"'1 per. p61n, of 'Water, Also 1050 RtuIs must be "Added'for the
condensation of one pcv-rd of a.' ThIs amounts to 1-0 'Ptu per'pound of water
vapor-or 127 Btu p0:: nan-hnixv. Becausvc 0.833 poundq of said'-:are required per t 1
pound of water, the awnunil; of e:;:T nee.d.ed In. a nr.rregenerative system would be
0.08S31 por~d-s per toan-ho¶.-,or 2.0 o-,und, '; person for 24 hours.

Although xulfhar-ie acid, has at rorg aftfinity ro:e water, it would be en-.
advisable to use it for a shel .br desricarnt becP.use it is very toxic and very

corlrosive. Alnu. sinethe primary1 c .....on -. loi.e absorbents are strong bases,
a violent rcatoton would ',xmur if Uhe amtd me in contact with the carbon
"dioxide absorbent.

fi
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! 2.5.2,2.5 Phosphoric Acid (Pho~sphorus Pentoxidje) Phosphoric

I-!, acid may be used as a desiccant. Its proper~ties are similarto those of sful -
acid; that is, t absorbs water with the liberatmon of heat but it is very toxic

: • ~~and corrosive. '-

H The acid anhydride, phosphorus pentoxide, is a white crystalline solid
which chemically combines with water to form phosphoric adid. The reaction is

11 P205 + 
3H2  ) - l 2H + 112,000 Btu

This is equivalent to 2070 Btu per pound of water or 207 .Btu per man-hour. The
anhydride is likewise corrosive and toxic.

2.5.2.2.6 C.lycerine (Glycerol)- Glycerine is a hygroscopic
liquid which will control'the humidity in an environment.

The equilibrium capacity of glycerine at 50 per cent relative humidity is.
f I 0.45 pound of water per pound of glycerine. -Thus 0.22 pound of glycerine is
1 required per man-hour or 5,3 pounds per person for 24 hours. This would be

slightly over 1 gallon of 100 per cent glycerine per person. Since the glycerine
- costs from $0.26 to $0.28 per pound, the investment would-amount to approximately

SI $1.50 per'persovi for chemicals or $0.0625 per man-hour.-

SGlycerine is nontoxic and noncorrosive and is thus safe to handle.. Glycerine
has the advantages of safety and single-phase process and the disadvantage of

Ij being a liquid and having a cost several times as great as calcium chloride.

2.5.2.2.7 Glycols,- Ethylene glycol, diethylene glycol, and
triethylene glycol are hygroscopic liquids which absorb water from a moist
atmosphere until an equilibrium is reached between the relative humidity and
the concentration of the solution..

- The capacity of glycol desiccants is lower than any of the liquid desiccants
"described thus far. As-an example, the equilibrum capacity--at- 50 per cent rela-
tive humidity.is approximately 0.25 pound of water per pound of desiccant. Thush
0.4pound is required per man-hour add i10 pounds must be stored-per person for
24 hours. The other glycols would have similar capacities.

On the assumption that 10 lbs of. either of the three glycols is" sufficient'--.
( for a person for 24 hours, the costs would be $1.75 for ethylene glycol,,-

for diethylene glycol and $2.00 for triethylene 9lycol.

I, I ~~Hazards -

The glycols are not extremely hazardous; however, they will cause distur-.
bances if they are taken internally. Ethylene glycol is the worst offendmer .i -

"this matter. When compared to glycerine, the glycols are more toxic, costlier, -

and have less capacity.
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2.5.2.2.8 Solid Desiccants- Under this title of solid desiccants
are included nondissolving solids which adsorb by physical attraction s1iih as
silica gel or by chemical reaction such as calcium oxide. .

2.5.2.2.9 Silica Gel - Silica gel is a widely used solid desic-
cant that has found use in many fields. The capacity of solid desiccants is
less than that of dissolving solids or liquids but the solids have the greatbst
ease of handling and those which remove water by adsorption are easily regenerated.
Silica gel is extensively used in packaging metal machinery parts-in order to
prevent corrosion,

:The equilibrium capacity of silica gel at room temperature and 50per cant
relative humidity is 0.27 pound of water per pound of desiccant. *At.this capacity (
the heat of wetting equals 53 Btu per pound of desiccant. (Ref. 75). Thus the
following quantity of heat is liberated during the adsorption of one pound of

Heat of Condensation . 1050 Btu
53 Btu/lb of desiccant x 1 lb desiccant 196Btu

(l 1246 Btu-per lb of water.

. Therefore for one person, 0.37 pound of desiccant is ndeded perhour and.
during this period 125 Btu's are liberated.

Costs

Silica gel costs from $0.P5 to $0.30 per-+Gwae pending upon the quantity
ordered. If 0.37 pound is required per man-hour, the cost per 6an-hout would f
be from $0.093 to $0.11.

2.5.2.2.10 Activated Alumina - Activated alumina is a solid
desiccant which also removes water from an environment by physical adsorption.,
The capacity of activated alumina at 50 per cent relative humidity and 860F is
approximately 0.11 pound of water per pound of desiccant. The quantity of
alumina would therefore be nearly one pound per man-hour.

If a regeneration system is used, provisions must be made to heat the
spent desiccant and recool it to room temperature. If no regeneration is
provided for, approximately 23 pounds must be stored per person for 24 hours.

The price of activated alumina is approximately $0.12 per pound so the
cost per man-hour is approximately $0.12. U

2.5.2,2.11 Molecular Sieves - Molecular Sieves-are synthetic I?
zeolites which after heating to remove water of crystallization become very j
porous and thus show a high attraction for water and other gaseous and liquid
materials.
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The equilibrium capacity is 0.2. pound of water per pound of Molecular
Sieve for Type 4A sieve for relative humidities in the range of 50 per cent.
For Type 13X sieve the capacity increases to 0.27 pound of water per pound of
Molecular Sieve at 50 per cent relative humidity. For the Type 13X sieve,
the.requirement is 0.37 pound per man-hour and for the 4A type it is 0.455
pounds per man-hour.

In a nonregenerative system, the following quantities would be needed at
the stated cost.

S13X 4hA

Capacity lbs/mani-he 0.37 6.455

Pounds per person for 24 hours 8.9 10.9

Price $/pound 1.95 1.72

J Adsorbent Investment $34.70 $37.50

In a cyclic process in which the regeneration-adsorption is switched
every hour, the cost of chemicals would be $1.44 for 13X sieve, and $1.56
per person for Type hA. An extra investment would have to be made for re-
generaticn equipment, so this method would Still be costly.

Although Molecular Sieves are a very efficient moistu.re adsorbent, their
high cost eliminates them from consideration for use in shelters.

2.5.2.2.12 Humi-Sorb (Culligan) - Humi,Sorb is a silica type
desiccant manufactured by Culligail, Incorporated. Humi-Sorb is sold in units
instead of by weight. The conversion factor is approximately 16 units per pound.

1: The capacity at 50 per cent relative humidity and 777F is approximately
0.25 pou•ds of water per pound of Humi-Sorb. Therefore 0.4 pound or 6.4 unitswould be needed per man-hour. 0The requirement per person for 24 hours would be

9.6 pounds or 153 units. The 80-unit bags cost $1.29 to $1.06 depending upon
quantity ordered. The maximum cost would be $2.50 per person or approximately
$0.10 per man-hour. In quantity lots this can be reduced to $0.08 per man-hour.

Humi-Sorb has the advantage of being a solid packed in bags which are ready
for service. It also leaves no drippings. Pricewise it is less expensive than
sil'ica gel but is much more expensive than calcium chloride.

- e2.5.2.2.13 Drierite - 'Drierite" Is a desiccant manufactured by
the W. A. Hammond Drierite Mimpany. Chemically it is anhydrous calcium sulfate
which in the presence of a.moist atmosphere forms the hemi-hydrate.

CaSo4 + 1/2 11?(g) - CaSO4  1/2 110

87
iI

'I



The heat liberated during this reaction is 1590 (Ref. 76) Btu's per pound
of water. According to this equation., 0.066 pounds of water react with one pound
of drierite. The actual capacity is slightly higher than this because some

* additional water is taken up by physical adsorption. In '!Du-Cal" industrial
Drierite, the calcium sulfate is impregnated with calcium-chloride in order to p
increase the capacity of the desiccant. The maximum working capacity of this
material would probably be 0.1 pound of water per pound of desiccant, so one
pound would be needed pe.. man-hour. In 100-pound lots Du-Cal Drierite costs_
$0.22 per pound, thus the man-hour cost would be $0.22.

The cost of Drierite may be unattractive as a desiccant for fallout shelters
when compared to other solid desiccants such as Humi-Sorb.

2.5.2.2.14 Anhydrone - Anhydrous magnesium chlorate is known as
"Anhydrone". In the presence of moisture, the anhydrous material passes through.
a di-, tri- and finally a hexahydrate. f l

Mg(ClO 4 2 H22 0 - .Mg(CI0 4 )2  21120 M9(cl04 )2  3%10J(

! c 4)P_ 6• 2

The anhyd-.ous material absorbs 48.6 per cent of its original weight in
forming the hexahydrate, Thus to absorb 0.1 pound of water per man-hour would W
require 0.206 pound of anhydrone in an ideal system. This is attractive from a
weight and volume viewpoint; however, the high cost make the use of Ahhydrone
prohibitive. The cost per pound is approximately $2.00, This would make the
per man-hour cost $0.4-0.

The material can also form explosive mixtures if it comes in contact with
organic vapor, so even if it were less expensive, it would have to be rejected
for this reason.

2.5.2.2.15 Calcium Oxide -. Lime is hygroscopie and absorbs water
to form the hydroxide. TheoretIcally one pound of lime should absorb 0.32 pound
of water, but the actual capacity is 0.1 pound of water per pound of lime or less
because of the formation of carbonates. On the assumption that the capacity is
10 per cent of the dry weight, one pound of lime would be required per man-hour.

2.5.P_2.l6 Barium Oxide - Bar..um oxide reacts with water to form
the hydroxide and the hydroxide then forms a monohydrate and a octohydrate.

The hydroxide is extremely stable. In fact, barium hydroxide can be used
for moisture removal at temperatunres as high as 1000°F. The primary drawback is
low capacity. Barium hydroxide absorbs only 10 per cent of its dry weight in
water. Therefore one pound is necessary per man-hour. Since the cost of ground
material in drum lots is approximately $0.15 per pound, the ccst per man-hour
would be $0.15.
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The material is also toxic and in hazardous in this respect.

2.5.2.2.17 Activated Carbon - Activated carbon is used exten-
sively as an adsorbent. It is capable of adsorbing water, odors, organic
compounds and various other substances. While substances such as Molecular
Sieves and silica'gel adsorb water in preference. to carbon dioxide or organic
vapors, activated carbon acts in the reverse manner. That is, any-water which
is adsorbed can be replaced by organic vapors. (Ref. 77)

Since there would certainly be organic vapors present from human sweat or
flatus, and cooking, the activated carbon would not be as efficient as a
desiccant as one which adsorbed water in preference to other vapors.

2.5.2.3 C parison of Various Desiccants

SReli- Power Cost per Storage"&
Type ability > Requirement Man-hour Handling

Deliquescent Solids

Calcium Chloride Good None Very low Fair

KOH,. NaOH Good None Low Fair

LiCl Solid Good None LOw 'Fair

Phosphorus Pentoxide Good None Low Poor

Solutions

LiCIJ Good None Moderately Low Good

"Sulfuric Acid Good None Low Poor°"

Phosphoric Acid Good None Low .Poor.,

Glycerine Good .. None Moderately Low Go od

Glycols Good None Moderately Low GOod

:1 Solids

Silica Gel Good None Moderate Good

Activated Alumina Good None Moderate Good

Molecular Sieve Good None Very High Good

Humi-Sorb Good None Moderate Good

Drierite Good None High Good

Anhy.rone Good None High Fair

Calcium Oxide Fair None Low Good

Barium Oxide Fair None Moderate Fair

Activated Carbon Yair None High Good
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Moisture control is not essential for life support, but it is necessary
from the standpoint of morale, comfort, and prevention of colds. Reference is
made to Figure 3 for this comparison.

Reliability

Deliquescent Solids - Deliquescent materials are reliable desiccantsa
however, alkali •yrox. es form a surface film which decreases the rate ofo\ ! ~water absorption. L

Solutions - Solutions of desiccants are reliable although'they do iot have,
the capacity of a deliquescent material.

-Solids - The solid desiccants, silica gel,-.activated alumina, MolecuLar

SieveisH-ui-Sorb, Drierite, and Anhydrone adsorb moisture efficiently. Oxides J
of calcium or barium will form carbonate which will hinder further adsorptibn.

ActiVated carbon will preferentially adsorb high molecular weight compounds,

Power Requirements

None of the desiccants require power for operation although .a blower would

"increase the rate of adsorption. Power is required if regeneration is required. (j

-. Costs

The costs of desiccants listed below are based on chemical prices and a
nonregenerative system. Regeneration will lower chemical costs but raise equip-
ment costs and also necessitate a power supply.

TABLE.15

COSTS OF DESICCANTS U
Comp-ound Dollars Per Man-Hour

Calcium Chloride 0.002-0.O=14

N&OH - KOH 0.008-0.011
LCli (solid) 0.032P 0 0 .O0,3.

SC($at. sol,.) 0.069
Sulfuric Acid 0.001
Phosphoric Acid Low
Glycerine 0.063

Glycols 0.088 [I
Silica Gel 0.10
Activated Alumina 0.12
Molecular Sieyes 0.886
Humi-Sorb 0.10
Drierite O.n2
Anhydrone 0.40

Calcium Oxide 0.01 I
Barium Oxide 0.15
Activated Carbon Moderate
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Storage and Handling

" Deliquescent desiccants must be stored sealed. Other than thXs, there is

no storage problem. The main problem of handling the chlorides of calcium or
lithium come from the fact that the deliquescent materials drip a saturated Solu-
tion and require a pan to catch this solution. This solution is nontoxic but

I may be corrosive. The hydroxides of sodium or potassium on the other hand are
"not only corrosive but are also toxic.. They 'do have secondary effect of also
scrubbing carbon dioxide. Phosphorus pentoxide is also corrosive and toxic.

Solutions -Solutions of lithium chloride, glycerine and glycols are easy
and safe to handle. Sulfuric and phosphoric acid solutions are toxic and

ji corrosive.

Solids - The solid desiccants are easily handled, and for the most part are
safe to use. The exception is Anhydrone, which is a perchlorate and is capableof forming unstable mixtures in the presence of combustible substances. Bariumoxide is rated fair instead of good because it is a toxic compound.

J Of te`ýiesiccants investigated, the following will be further considered
because ofthe following features:

SCalcium chloride very low coat 1 high capacity

Silica gel - moderate cost, handling ease

i Humi-Sorb - Moderate cost, handling ease

)i 2.5.3 Heat Rejection Methods

To provide temperature control in an underground shelter sensible heat must
be transferred from the shelter to a suitable external heat sink,"such as the
surrounding soil or proximate well water. Temperature control methods include
both active (mechanical refrigeration) and passive techniques..

2.5.3.1 Mechanical Refrigeration Systems

2.5.3.1.1 Vapor Compression System - The most common refrigeration
method used in air conditioning applications today is the vapor-compression system,
so-called because the refrigerant is in vapor form when raised from the low tempera-
ture to the high temperature by compression. The most common refrigerants used,
especially in air conditioning application, are the Freons such as Freon 12
(dichlorodifluoromethane). Freon has two distinctive and important advantagesfor shelter refrigeration systems, namely, it is nontoxic and nonflammable. A
schematic of a basic vapor compression system is shown below.
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Figure 18 FLOW DIAGRAM FOR VAPOR COMPRESSION SYSTEM

An explanation of the thermodynamics taking place is best made by reference to

a temperature-entropy diagram as shown below:

i 

.

12

Figure 19 TDERATURE-ENTROPY DIAGRAM FOR VAPOR CO)MPESSION SYSTE4
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Beginning at point 1, the refrigerant vapor enters the compressor, which may be
eithera reciprocating or centrifugal type. The low temperature refrigerant isI compressed (isentropically in the ideal case) to some pressure, p , such that the
corresponding saturation temperature is above that of the tempera ure to which
heat is to be rejected in the condenser, which may be either air-cooled or water-

S: |- cooled. The condenser removes any superheat, the latent heat of condensation,
and generally subcools the liquid a small amount. From 3 to 4 the refrigerant
is throttled through the expansion valve at constant enthalpy. The saturated
liquid at state 3 thus becomes a very wet mixture of liquid and vapor at 4.
From 4 to 1 the mixture absorbs its latent heat Of vaporization from the area
which is to be cooled.

*• 1The coefficient of performance, which is a ratio of the heat absorbed in
the evaporator to the heat equivalent of work done by the compressor,.may be
expressed as,

h -h
c.o.p. U 3

.4 .3

[ where, h = enthalpiss at the state point indicated by
subscripts, Btu/ib.

[ .For a Freon 12 system operating with a condensing temperature of 120OF and an
evaporator-temperature of 40*F, assuming isentropic compression and constant
enthalpy expansion, the coefficient of performance is,

c82.7 - 36. g6. .C.o.P., in93.5 - 82.7 10.8 4.3

I The the. retical horsepower per ton of refrigeration (12.000 Btu/hr) and the
coefficient of performance are inverse functions as shown by,

I/ton
C .. 4,. .

For the example given,

HP/ton 1.4. 1.1

4.3 2

J Each pound of Freon 12 absorbs 46.5 Btu of heat passing through the evaporator.

2.5.3.1.2 Air Refrigerating Cycle - Air itself is used as a
refrigerant in this system, which does not entail a change-of-phase and the
consequent latent heats of vaporization and condensation as did the previous
system described. The equipment schematic for this system is presented next.
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Figure 20 FLOW DIAGRAM FOR AIR CYCLE SYSTEM I
The ideal process is shown thermodlynamically on the temperature-entropy diagram
below. 
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Figure 21 TEMPERATtIRE-ENTROPY. DIAGRAM FOR AIR CYCLE SYSTE4M
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As shown, air at P is drawn directly from the shelter into the compressor when
isentropic compression to P2 occurs. From 2 to 3 constant pressure cooling of
the air takes place by heat rejection to water or some other acceptable heat sink.
From 3 to 4 the air is isentropically expanded through an expansion engine, such
-as a turbine, directly into the shelter at temperature, T4 0 which is lower than
the intake temperature, T1 .

The area, a-3-2-b, represents the heat rejected in the heat exchanger, while
SI[ the area a-4-l-b represents the cooling effect.

The coefficient of performance is the cooling effect, area a-4-l-b, divided
by the net work, area-i-2-3-4. Assuming isentropic compression and expansion
the coefficient of performance may be expressed by,

T -T

To compare the theoretical coefficient of performance of the air cycle to
that of the vapor compression cycle for Freon 12, it will be assumed that the
temperature entering the compressor, TI, is equal to the evaporating temperature
and the temperature leaving the cooler, T , is equal to the condenser temperature.ii Figure 22 shows the effect of pressure ra~io upon coefficient of performance and
heat absorbed per pound of fluid circulated. As shown, a theoretical coefficient
of performance of 3.5 is obtained with a pressure ratio of 2.5, but only 12.5
Btu of heat are removed per pound of air pumped. Higher pressure ratios yield
greater refrigeration effects per pound of air but at. the expense of decreasing
coefficients of performance. A point of diminishing returns must be established
in the actual case where the frictional losses due to pumping larger volumes of
air offset the greater coefficients of performance.

1The Freon 12 vapor compression system with a refrigeration effect of 46.5 Btu
per pound of refrigerant and a coefficient of performance of 443 is superior to
any air cycle system operating between the same temperature limits. Air cycle .oA
equipment would also be larger because of the larger amounts of gas which must be
handled. .

In general, an air refrigeration system is superior to a vapor compression
system in freedom from refrigerant leakage but requires more power for the same

1. refrigeration effect.

[ For shelter applications, however, the reliable and completely safe operating

characteristics of the air cycle system may outweigh the requirement for more
power. Consider an air refrigeration system operating with an inlet temperature
of 80? and a temperature drop through the cooling coils of 50"F. Table 17 shows -•

the theoretical coefficients of performance and refrigeration effects for various
pressure ratios. A trade-off study could be made to select the optimum pressure
ratio for minimum power consumption.
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2.5.3.1.3 Absorption System - Absorption refrigeration systems.
are heat-operated and utilize at least two working substances, a refrigerant
and an.ebsorbent for the refrigerant. A simple continuous cycle for a liquid
absorbent is. shown in F'igure 23. f

I Inerator Condense,,

F.p, inII
.. , ' Pressure

iIn

Pump Absorber Evaporatorl

Figure 23 FLOW DIAGRAM IN A.BSORPT~ION REFIGERATION SYSTEM

The four major steps of this cycle are latent-heat processes involving the
transfer of refrigerant between the liquid and vapor states in the evaporator,
absorber, generator, and condenser. In the evaporator, nearly pure liquid
refrigerant boils and absorbs the cooling load. In the absorber, the vapor from
the evaporator is absorbed by a weak solution producing a stronger solution and-
waste heat which must be rejected to a heat sink. The rich solution is then pumped
to the generator where a high temperature source of heat is used to boil out
refrigerant vapor. The vapor then passes to the condenser, where it condenses
and evolves waste heat to be rejected to a heat sink, such as cooling water. The
generator and condenser operate at the higi. side pressure. The weak solution
produced in the generator is fed to the absorber through a valve, and the liquid-
refrigerant produced in the condenser is fed to the evaporator through another
valve.[ii
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A factor expressing the efficiency of absorption refrigeration systems,
which is comparable to coefficient of performance is called the performance
factor. Performance factor is the ratio of the heat absorbed in the evaporator
to the heat absorbed in the generator, and is equal to slightly less than one
for the ideal case under all circumstances. The performance factor decreases
slightly as the difference between evaporator and absorber temperature is in-

U creased. In comparing the absorption system with a vapor compression system
it is noted that the performance factor has an upper limit of one.

V In comparing the absorption system to the vapor-compression system the
value of the particular type of energy required must be considered rather than
the amount. The cost of the absorption machine, both initial and operating, is
less influenced by the evaporating-temperature than that of the vapor-compression
machine, so that at low temperatures the absorption machine compares favorably.
The absorption machine has certain particular advantages for shelter applications:

I- (1) no prime moving parts, (2) no lubrication is required, (3) easy to control at
L partial load while maintaining its full load efficiency, (4) heat is often easier

to supply than electrical power.

•I For shelter applicat;ions, however, very low evaporator temperatures are not
required. If heat and power are considered equally difficult to supply then the

* absorption system is inferior to both the vapor compression and air cycle systems
as indicated by.the-performance factor.

2.5.3.2 Passive Cooling Techniques

Ii Passive coolir- techniques are those requiring little or no external
power to transfer heat 'rom the shelter to either an external or internal sink.

2.5,322.1 Circulation of Well Water .- An obvious method of
rejecting heat is by circulating well water from outside the shelter through
an internal heat exchanger. Since it is very likely that many shelters will be
built to include a well water supply, this method is convenient, but does
require power for a water pump and circulation fan. The power required to provide
a certain cooling effect, Q, is directly proportional to the quantity of water
pumped. The quantity of water pumped, m, is inversely proportional to the tempera-

* ture change, At, across the heat exchanger as shown by,

Therefore; the required. power consumption rate is largely dependent upon the
temperature of well water in the particular shelter location. In addition to a
pump and heat exchanger, a circulation fan to force shelter air across the heat
exchanger is required.

I A serious disadvantage of this system is that the well water temperature
also d~ctates the minimum dew point which can be obtained in the environment.
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2.5.•3.2.2 latent Heats of Fusion - The latent heat of fusion of
solids such as ice may also be considere-d for a means of absorbing the sensible
heat of a shelter. ice absorbs 144 Btu/lb upon melting and if a temperature
increase of 30*F is assumed then each pound of ice is capable of absorbing about
174 Btu. If metabolic heat is assumed to be 400 Btu/hr per man it is readily ()
seen that about 2.3 pounds of ice are required for each man per hour of occupancy
for metabolic heat removal alone, which is a prohibitive amount. No other common
materials having higher latent. heats of fusion possess low enough melting tempera-
tures for such application.

2.5.3.2.3 latent Heats of Vaporization - Vaporization of a liquid
is an effective way of absorbing sensible heat. Water, with a latent heat of
1060 Btu/ib (at 60oF), absorbs more energy upon vaporization than does any other
common liquid. Vaporization at 14.7 psia does not take place until temperatures
of 212OF are attained, however. To vaporize water at 606F, for example, the
pressure must be reduced to 0.256 psia necessitating incorporation of a high
capacity vacuum pump and an evaporator-heat exchanger,

Ammonia has a high latent heat of vaporization (518 Btu/lb at 60oF) but
introduces problems of corrosion and toxicity into a shelter system. Of the
readily available liquids that can be handled easily, propane has the highest
latent heat of vaporization (184 Btu/lb at 60"F). The heat of vaporization for Ii
propane is thus seeni tu be only slightly greater than the heat of fusion for ice..

Since propane is a ••-l it ciould, also be used ior auxiliary power generationand the electrical po'wer used to drive a mechanical refrigeration system. The
cooling capacity, Q, of such a syst;em can be calculated as follows:

Q J(pg ÷ ~g CP !

where Q cooling capacity, ,tu/h.

m = fl of ::'itY o uel, Jlb/h'

bfz latent heat of' vaporization of fuel, Btu/lb

H = critIng vslue of fuel, Btu/ib

= generator systee eff'•.cioicy

COP -oef....ient of perf-'.rance of refrigeration unlit
a,ýstume a value ,if 6.

T.: proau.e a PccJIng effect equal tc the metabolic heat production of one
man; about 0.C* 11b/hr oX' propane are required. Thus, this syste-: could effectively
be used to provide sensible ccol~ng but the effect of vaporization is small
cempared to the combustion energy.
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2.5.3.2.4 Heat of Solution - Many materials release or absorb
thermal energy when dissolved in water. The following three salts absorb thermal

SI energy upon dissolving in water. These are examples of a number of compounds
listed in Perry's Handbook having a negative heat of solution.

I Compound (C) Heat Absorbed @ 64"F Amount of Water
Compound (C) RestAbsorbed_64_Ffor Dilution

Sodium diphosphate 117 Btu/lb, 80.3 lbs/lbc

Na2 HPO4 * 12H20

Sodium Thiosulphate P1.8 29.0

Na2 S2 O3  5H2 0.

I Sodium tetraborate 79.4 42.5

Na 2 B4o 7  lOH O

[ It is seen that prohibitive quantities of chemicals would be required to
absorb the heat loads anticipated in underground shelters. Also large quantities
of water would be required to form the solution.

2.5,3.2.5 Thermal Buss Bars- Since the soils surrounding under-

ground shelters are relatively poor thermal conductors, little thermal energy
is transferred through conventional shelter walls. (See Table 14) If the heat
transfer through the soil is considered one-dimensional and the soil is regarded
as an infinitely thick heat sink, then the total heat flow during an interval of
time is,

= 1.13 k '•i .

"where., Q • total heat flow during interval, Btu/ft 2

k thermal conductivity of soil, Btu ft/hr - ft 2 -,FlI
Ii = temperature differential between soil and air,• r

t interval o-P time concerned, hr.

Sdif.fusivity of soil, ft /

[ A system requiring no pouer to improve heat transfer utilizes several fixed
-conductance heat paths to improve the overall conductivity through the soil.
These fixed ccnductance paths are termed thermal buss bars and are fabricated
of some reasonably inexpensive and relatively high conductivity metal. Shown
next is a cost and conductivity comparison for aluminum, copper, and steel buss
bars.

I. Lr
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Material Conductivity Cost

Copper 226 Btu-ft/hr-ft 2 - F $0.10/in3  i "

Aluminum 117 .03

Steel 36 .01

The comparison clearly shows that aluminum provides the highest conductivity
per dollar.

Since the buss bars must pro ect about 4 ft. into the soil the conductivity
of the aluminum bars is 29 Btu/ft -hr-"F. The above equation may be used to 1I
calculate the required conductivity of the soil-buss for combination, k.e
The ratio of aluminum per unit area of soil, xmaythen be calculated as below.

2k 5

R1 -- S
X = •

where x ratio of, aluminum area to soil area

kR = •.required conductivity of combustion, Btu/hr.-ftf2 _•F

kS soil conductivity, Btu/ýr±-ft 2 -oF.

To incorporate such a thermal control system would require: (1) a series
of convective heat exchangers located inside the shelter, (2) a number 6f thermal
buss bars proJecting into the soil, (3) a thermal control switch to provide some
means of controlling the amouxit of heat rejected, which might be required in I
cool climates to prevent overcooling of the shelter interior.

Control of this system could be provided by means of a switch which connects
and disconnects the convective heat transfer panels from the shelter end of the I
thermal buss bars. The thermal switch itself is an3° device which will break the
circuit. Simple bimetallic devices can be used, but the thermal contact resistance I I
of these devices is usually high. A superior system utilizes a bellows filled
with a temperature-sensitive fluid to actuate the switch contacts. The fluid may
operate on the volume variation produced by a phase change or simply by expansion
and contraction to temperature change.

For shelters located in relatively cool climates, the thermal buss bar
method is most attractive. Many shelters may thus be afforded temperature
control without expending power.
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SECTION 3

EXPERIMENTAL EVATUATIONS

Section 2 of this report demonstrated the superiority of soda-lime and
Baraiyme over other types of carbon dioxide absorbents when used in a dynamic
system. However, the literature and field survey also conducted under Section 2
failed to uncover sufficient experimentally determined performance data upon
which application specifications could be based. Therefore, experimental evalua-
tions were undertaken to obtain optimization data for absorbent canister design.

As mentioned in Section 2, the use of. lithium hydroxide anhydrous crystalsIi for stetic absorption of carbon dioxide in small family fallout shelters has been
nationally advertised. Experimental results upon which application designs could
be based were found lacking, therefore, static absorption tests of this absorbent
were conducted in a sealed 500 cubic-foot chamber.

Since chlorate candles have been advertised as a source of oxygen in fallout
shelters, a 90 cubic-foot candle was obtained and tested to establish the ease of

I operation, safety, and performance of these items.

3,1 Dynamic Absorption Systems

Li 3.1.1 Test Objectives

The removal of CO, by solid absorbents with forced ventilation is a problem
(. of gas absorption in packed beds. Estimation of the concentration of a fluid

stream and the capacity of the absorbent bed present formidable mathematical
difficulties which have not been completely solved for the general case.

Marshall and Hougen (Ref. '18) have developed a solution for the sp~cial case
where adsorption (the two terms "adsorption" and"absorption" have clearly defined
differences but are used interchangeably to include both meanings) takes place
from a dilute solution and where equilibrium adsorption is directly proporti6nal
to the concentration. Danby and coworkers (Ref. 79) presented "The Kinetics of
Absorption of Gases from an Air Stream by Granular Reagents" in which the assump-

]: tions were irreversible chemical reaction between the absorbent and the gas or at
least irreversible adsorption. The latter approach was used here because of the
minimum amount of experiment necessary to obtain design data.

The materials examined in the present investigation were packed columns of
soda-lime and Bara2yme. Existing-,information on the performance of these chemicals
was inadequate to enable an optimum process design. Therefore, a series of experi-
ments were carried out to obtain kinetic data in the form of breakthrough time
and capacity as functions of vessel dimensions and flow rate.
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3.1.2 Theory

For the theoretical equation, consider a column of unit cross section.
A distance I from the bottom there is a zone with thickness d. and the concen-
tration of the absorbate in the stream entering the zone is CjT and leaving
the concentration is C 2  + (•ci•)T d., where T is the total thme the column
has been exposed to the'Wtream. If x is the amount of gas reacted per unit
volume of material, then the amount reacted during dT in the zone is

A.- di (',x,1)

where A Is the cross-sectional area of the column. The standard equation of
continuity for a binary mixture applied in this situation,

+(2) '

where V is the superficial velocity (volume flow divided by the cross-sectional
area). In essence the equation states that the difference between the concentra-
tion of the absorbate-in minus the absorbate-out is equal to-the absorbate reacted
in the zone plus the rate of change of its concentration with time in the zone.
To obtain a reasonably simple mathematical treatment, the following assumption-
must be made concerning the kinetics of the reaction. The rate bf removal of the
gas (carbon. dioxide in this case) is directly proportional both to the concentra-
tion in the stream and the concentration of active centers remaining in the
material at any given time. Thus a relation between x and C is given:

where k is a constant and N is the number of active sites per volume of material.
Since each active center as defined above is consumed with one molecule, then it
follows,

- kCN (4)

These simultaneous equations ccmbined with Eq. (2) are solved to obtain C as a j
function of both. and T. The general solution combined with the boundary condi-
tion at 1'~ vC '- Ca (C0 is the entering gas) and a limiting condition
C - C e o'I at T- given the final relation,

0 c O I
C 0k 0 (5) ,,

e oT-e'No/V-1)+l + 1

where N is the initial number of active sites. Other assumptions implied in
the solution are that the heat of reaction or adsorption is conducted away
immediately, and changes in local water content in the column do not appreciably
change the rate of removal of the gas.
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Equation (5) is very flexible since all the significant variables; namely,
I column length, time, and outlet concentration are contained in it. Upon re-

arranging Eq. (5), the following is obtained,

in (C /C~ 1) -. kC T +ý ln Ce M0/V -1) (6)

For a given set of conditions such as the velocity~the length, and the
inlet concentration, a linear relation exists between n(C Ic - 1) and T. The
constants k and N can be determined from a plot of this dRta in the early stages
of breakthrough w~en C /C is finite, it is possiý*e that the process is diffusion-
controlled; that is, t~e diffusion of CO2 to the ý&rticle surface from the bulk

pi stream is much slower than the reaction'. In this event, k and N will be dependent
- on the velocity, and should follow a relation such as k proporti~nai to the square

root of the velocity.

1 The concentration of the outlet stream at which the column is no longer
considered useful is known as the "breakthrough concentration". Corresponding

p to this is the time atkjhi~vthis occurs, the "breakthrough time". Because it
is usutlly true that e o is much greater than unity, the breakthrough time
is approximately linear with column length, and inversely proportional to the
velocity. This is seen from inserting the last assumption in Eq. (6):

C "kNo

ln (•- 1) - kCT' + (7)

Swhere C' is the breakthrough concentration, and T' is the corresponding time.

The experiments were planned from consideration of the theoretical perfor-
. mance predicted by 1. (7). With given conditions of packing height, inlet

concentration, outlec breakthrough concentration, the superficial velocity was
varied for each run. It could be expected from the theory that plots of T' vs 1/V

I I would be straight lines, one for each length. A knowledge of T1 enables the
calculation of the capacity oF the bed in pounds of CO2 per pound of bed from
the known weight of bed, the flow rate, and the inlet concentration.. Similar

U pplots could then be constructed as capacity versus 1/V for each length of the a

I: corresponding cress-plot, length versus capacity for each velocity. Extrapolation:
of such charts during the process of experimentation enabled the intelligent
selection of test variables for subsequent runs.

3,1.3 Test Procedure

Experimental procedures involved in testing the two absorbents were aimed
at simulating typical shelter conditions. The average laboratory temperature
during these tests was 80*F and the relative humidity was 70 to 80 per cent. A

SIi Roots-type, rotary-lobe blower was used to circulate room air through the system.
Carbon dioxide was injected in the air stream at a rate necessary to produce a
one-per cent mixture in the inlet to the absorbent bed. The one-per cent
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concentration was used in order to fulfill the physiological requiremenb that

the shelter air be controlled at one-per cent carbon dioxide or belo.. "

A flow diagram of the apparatus is shown in Figure 24. A cylinder of
compressed carbon dioxtde was used as the carbon dioxide source for inlet stream.
In. order to maintain a constant pressure.and flow of darbon dioxide the pressure-..

in the cylinder was adjusted through two reduction valves to 2.5 Psi. Pine
* control of the carbon dioxide flow was accomplished with a small needle valve.;.

A column by-pass enabled the inlet flow to be monitored by the sensor prior to::

an actual experimental run. In this manner, it was possible to adjust the cartpon
dioxide to one per cent and also check the concentration at any time during the
run. The total stream flow rate was set by adjusting the blower by-pass and o htlet
valves. iii|.

The effluent gas from the column was partially vented to the atmosphere.

The remainder was circulated to the carbon dioxide sensor with a constant-volume
diaphragm pump. Another vent was provided prior to the sensor inlet to remove
water condensed in the Tygon tubing. A recorder was used in conjunction with the
sensor to give a continuous record of the effluent concentration. .

The first series of tests were conducted in a six-inch diameter (5.44-in.
I.D.) Plexiglass column, Only one bed length of 13 inches was tested in this
column. The remainder of tests were run in a 1.5-inch I.D. glass tube with the
bed length varying from 13 to 39 inches. Comparable conditions in the two
columns gave results which agreed within experimental error.; therefore, the
smaller column was used in order to conserve material and to decrease the time
required for each test. Several flow rates were run at each of three packing
lengths, namely 13. 20 and 26 inches. One test with a 39-inch bed length was
necessary to verify scale-up designs. Superficial velocities varying from 0.28
to 1.0 foot per second were tested at each of the latter three bed lengths.

The particle sizes of both soda-lime and Baralyme were the low dust 4-8 LI
mesh types. Yresh absorbent was closely packed in the column for each run by fl
tapping the outside vigorously when each third of the total length was filled.
During the majority of a typical run, the effluent carbon dioxide concentration
was approximately zero. The period during which the outlet changed from zero to

0.1 per cent was small compared to the total time, and thus all but a negligible
amount of carbon dioxide was absorbed.

3.1.4 Test Results i .

The data collected for each run consisted of the total gas flow rate, break-
through time, bed temperature, packirn length, and packing weight. Pressure-'
drops were determined In a separate experiment. All the other important variables a
can be calculated from these measirements. The total weight of CO2 absorbed is
determined from the breakthrough time, the temperature and one per cent of the
total flow rate. Velocity is calculated directly from the bed diameter and the
flow rate, therefore it is considered superficial; that is, the velocity which
would result at the given volime flow rate if the column was empty. The data and
pertinent calculated variables are listed in Table 17. p
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MSA CO2 Sensor Diaphragm Pump

TI Manome1te

Flow IP psi
Rotameter 2.5 Ps

Blower Bypass

CO2 Cylinder

I Room Air

Figure 24 APPARATUS FOR EVALUATIN~G CO2 ABSORBENTS
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TABLE 17

SODA-LIME
Experimental and Calculated Data

LPBed Volume Breakthrough Packing Bed Lb of CO02 Lb of CO 1/v,
Length, In. Flow. CFM Time, Hrs. Weight, Lb. Temperature, @C Absorbed Lb of Beý Sec/F1

13* 2.5 12.4 9.80 30 . 2.005 0,210 3.88

13* 6.0 2.63 9.97 30 1.046 0.105 1.62

13 0.323 3.88 Q.674 30 0.0831 0,123 2.28

13 0.222 8.50 0.703 30 0.125 0.178 3.32

13 0.563 1.33 0.695, 30 o..0496 0.0714 1.31

20 0.210 24.3 I1126 30 0.338 0.301 .3.51

20 0.320 12.7 1.129 27 0.272 0.241 2.30

20 0.737 2.45 1.116 30 0.120 o.o07 1. 00

20 0.355 11.0 1.120 30 0.259 0.231 2.08

20 0.485 5.25 1.116 30 0.169 0.151 1.52

20 04737 2.28 1.113 30 0.111 0.100 1.00

20 0.337 11.2 1.110 30 0.250 0.225 2.18

26 0.553 6.50 1.42.3 30 0.238 0.167 1.33 H
26 0o195 39.2 1.417 30 0.507 0.356 3.78

26 0.32. 19.3 2.436 30 0.397 0.2.76 2.38

26 0-337 1i4.5 1.46C 32 0.31.9 0.218 2.18

13 0.357 1.70 0182.2 30 0.0m402 0.0490 2.06

13 0.736 O.A4 0.813 30 0.0195 0.0240 1.00

13 0. 210 9.66 o. 8cC; 30 0.134 0.167 3.51

20 0.362 7.40 1.257 30 0.177 0.141 2.o4

20 0.210 25.5 1.2•2 30 0.355 0.286 3.51

20 o0°44 1.36 1.267 30 0.0720 0.0530 0.99

26 0.368 16.6 1.621 30 0.4o01 0.247 2.0

_6 0.736 1.80 i.630 30 0.0878 0.0539 1.00

26 0.200 38.9 1.570 30 0,515 0.328 3.68

39 0.355 30.6 2.340 30 0.720 0.308 2.08

* Tests in siX-irlch diameter colimn
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In order to correlate the experimental results with the theoretical con-
|I siderations in Section 3.1.2, the results were plotted for soda-lime in Figures

25, 27, 31 and for Baralyme in Figures 26, 28, and 32. An attempt was made to
correlate the reaction velocity constants and the corresponding active site

.[|• numbers as functions of velocity and length. However, it was found that these
variabies were very sensitive to experimental deviations and that no correlation
couid be obtained on this basis. As a result, a more empirical approach using
graphical procedures was developed and a satisfactory correlation was obtained.

Figures 25, and 26 show the effect of velocity on the breakthrough time
for each of the three lengths tested. The theory predicts that these curves
should be straight lines intersecting the reciprocal velocity axis at velocities
where the breakthrough time is essentially zero. A comparison of Figures 25
and 26 shows that soda-lime agreed more closely with the theory than Baralyme.
The convergence of the times at high velocities indicate that channeling prevails
at these conditions and therefore, even with high packing lengths, very little
capacity ;an be expected.

Ii Breakthrough capacity as a function of reciprocal velocity with length as

the parameter is shown in Figares 27 and 28 for soda-lime and Baralyme, respectively.
As could be expected, breakthrough capacity increases with increasing length and

j decreasing velocityb The runs made with the six-inch column are designated by
. two dote above the 13-inch line in.Figure 27._ The curve crossing horizontally

through the 20- and 26-inch curves represents a locus of column dimensions and
velocities for which the required absorption performance will actually be realized
at 24 hours. The maximum capacity for each substance based on the total reactant
available is 0.48 pounds of CO absorbed per pound of absorbant. Therefore, the
capacities foi each length will asymptotically approach 0.48 on the ordinate axis.

Figure 31 and 32 show the effect of velocity and bed length on the pressure
drop for each material in the 1,5-in ID column. The pressure drop for each
scaled-up column will be slightly higher than given in Figures 31 and 32 due to
wall effects.

3.2 Static Carbon Dioxide Absorption

A static absorption system, which utilizes natural convection currents has
the advantage of not requiring a blower for forced circulation and therefore is
not dependent upon a power supply, whether manual or electrical.

A satisfactory absorbent should have the following properties:

S1. Dust free- to prevent irritation and possible injury to
the eyes and respiratory organs

2. Nontoxic- to prevent injury in the event of accidental
contact with the material '

3. Low required exposed surface area- to conserve space.
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3.2.1 Background

Of the various solids which may be satisfactorily used in a blower - canister
system, anhydrous lithium hydroxideis Lhe only material available at the present
time which is sufficiently active to absorb carbon dioxide in a.'static system.

At the present time, Maywood Chemical Works is the only lithium hydroxide
manufacturer known-to be marketing the anhydrous material for fallout shelter'
use. This material is the 4/8 mesh granular form sold under the trddename of
"Granlox". It' is sold in four-pound and eight-pound containers. The four-pound
'container is advertised to be adequate for one person for 48 hours. Maywood
Chemical Works' recommendations call for spreading the material on a screen at.
least 1-1/2 ft x 3 ft so that the air can circulate.through the material.

3.2.2 Test Procedures

The diagram below shows the experimental setup that was used to evaluate a
static system using anhydrous lithium hydroxide as a carbon dioxide absorbent. U

8'

I "fFa.n Trayvs."..t

" "Gas .
H Meter A Recorder i

co2  Lira Ahelyser
Range. 0-2% CO2

The carbon dioxide was released into the chamber and circulated by means
of a lO-cfm fen. The purpose of the fan was to promote circulation which
ordinarily would be provided by the movement of the habitants and thermal
convection. The fan also insured that a representative air sample would be
obtained at the CO2 sensor. The "Granlox" was spread over two 1-1/2 ft x 1-1/2 ft
trays. Since this provided only for contact from a single surface as compared
to the double surface of a screen, one could reasonably expect only one-half the
absorption rate.
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3.2.3 Results

Several runs were made to determine the rate of carbon dioxide absorption
P per square foot of exposed lithium hydroxide. When carbon dioxide was added to

the chamber at a rate of 1.2 cubic feet per hour the concentration increased at
a rate of 0.12 per cent per hour. This indicates that the 4.5 square feet of
"Granlox" were absorbing CO2 at a rate of'0.5 cubic feet per hour.

Therefore, to control the carbon dioxide production of one person an exposed
surface of 8 to 10 square feet would be required. This value agrees reasonably
well to the figure of 4.5 square feet of screen that Maywood Chemical Works
recommends because a screen has two exposed, surfaces and allows easy passage of
the air through the granules.

The problem of dust formation was found to be severe. When the "Graniox" was
poured from the container an irritating dust forced the experimenter to leave the
chamber. This dust also formed when the poured material was spready evenly over
the surface of the tray. This problem is a serious disadvantage for the use of
anhydrous lithium hydroxide in a static:.system.

3.2.4 Conclusion

I Anhydrous lithium hydroxide will absorb carbon dioxide in a assive environ-
mental control system, however, the dusting problem places serious limitations on
its application.

1119

.....................................................



SECTION 4

APPLICATION STtDY

4.1 Oxygen Supply

SThe oxygen consumption for a man varies from person to person and for the
same person depending upon his state of activity and/or emotional stress. As
explained in Section 2.1, the average adult during sedentary activity consumes
approximately one cubic foot of oxygen per hour. This value will be used as
the basic requirement in designing oxygen supply systems. 1

4.1.1 -Application

A shelter can satisfactorily be supplied with oxygen from either chlorate
candles or high pressure gas cylinders. These two methods are nearly equal
when safety, reliability and ease of handling are considered. Therefore the
deciding factor is cost, although it must be mentioned that high pressure gas
cylinders are now commercially available in large quantities whereas a family-
size chlorate cardle is still in the development stage.

A cost comparison dictates the choice of a chlorate candle for a shelter
designed for less than four persons. If the shelter is designed for four or "
more people, the more desirable method of oxygen supply would be the use of the
high pressure gas cylinders. The nimber and size of cylinders depends upon the
design capacity of the shelter.

One commercial 244-cuhic foot capacity oxygen cylinder will furnish! oxygen
for 10 persons for 24 hours, or two of these cylinders will take care of 20 people.
I2 12 persons are present in the shelter with one 244-cubic foot cylinder the
stored oxygen will become depleted in 20-21 hours. Then the oxygen from the room
will be used. As shown in the chart below, if 100-cubic foot of shelter Volume is
available for each person the axygen concentration will fall to 16 per'cent in the
period from 20 hours to 24 hours.

Assume Shelter Volume 100 ft 3 /person

Stored 0 Concentration i
Depleted in at 24 Hours

(1) 10 Persons/244 ft 3 Oxygen Cylinder 24 hours 20%

(2) 12 Persons/244 ft 3 Oxygen Cylinder 20.3 16

(3) 1• Persons/2 4 4 ft 3 Oxygen Cylinder 17.4 13Sf3
(4) 16 Persons/2 44 ft Oxygen Cylinder 15.2 11

TABLE 18 OXYGEN DEPLE1ION IN A SEA=m ENVIROXMT I
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In a small shelter the cylinder would best be placed in the horizontal
position so as to eliminate the danger of knocking over. In larger shelters
provisions can be made to secure the cylinders upright against a wall. If
high pressure tubes are used in large shelters) they will have to be mounted
in the horizontal position. A concrete stand is recommended for installation
of 1500 cu. ft. capacity tubes. The advantageof using high capacity cylinders

* is that less cylinders are required.

I An example of two sizes which could be used for a 100-person shelter is
* shown below.

Number volume
10 244 ft3 cylinder 244o ft3 oxygen
10 24 ft 3 cylinder 2440 ft3 oxygen

64oo ft3 cylinder 2140o ft oxygen

4.1.2 Cost and Space Re~quirements

For four or less persons the use of chlorate candles is more economical.
* The Maywood Chemical Works is presently developing a candle advertised to be

capable of supplying 48-man-hours of oxygen. This unit is not presently
available but when marketed the price is expected to be approximately $10 for

I t the candle and $12 to $15 for the required burner. --Thus the total cost of
providing oxygen for 48 man-hours by this method is $25. per person. Infor-
mation as to the present stage of development and probable price when produced
in quantity has not been released by the Maywood Chemical Works. The self-
contained chlorate candle which liberates 90 cu. ft. of oxygen is manufactured
by the MSA ResearcA Corp. at a cost of $60.00. Since the oxygen is released
over a period of one hour) a design change would be necessary to release thd
oxygen ovei a period of 24 hours. Assuming no major increase in cost for a

I new design) the cost per person would be $15.00. This is several times as
expensive as the use of high pressure cylinders. MSA has given no indication
of price reductions for large quantities of these candles..

Table 19 shows the costs and space "requirements for installing oxygen
supply systems in 10-100- and 1000-man shelters. Although provisions for
manifolding would reduce the amount and degree of monitoring and maintenance
required, the cost is considered prohibitive. However, a small plastic
flowmeter such as the Dwyer No. 490-10 costs only $9 and would prove extremely

S.h helpful in adjusting the flow rate of oxygen into the shelter. In shelters
where more than one cylinder is installed the regulator-flowmeter assembly
must be removed when the cylinder is depleted and attached to another cylinder.
A single stage regulator such as the Matheson No. 1-540 costs $31.50. -ComparableV• regulators and flowmeters may be obtained from other manufacturers if desired.
The cost of oxygen for small installationb i.e., one or two 244 cu. ft.

, cylinders cost approximately $2.50 per 100 cubic feet whereas in bulk quantities
the cost of gas is approximately $1.00 per 100 cubic feet.

1
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TABLE 2 9

APPLICATION DATA FOR
HIGH PRESSURE OXYGEN STORAGE AND SUPPLY

Shelter Size (persons) B
10 1- 00 1000

Total Oxygen Required (cu.ft.) 240 2,400 24,000

Cylinders

Number 1 6 16

Storage Capacity of each 2N4 400 1,500
(cu. ft. STP)

Dimensions of each 9" x 52" 10-5/8" x 56" 9-5/8" x 20'6"

Total Filled Weight (ibs.) 120 1,164 13,200

Total Floor Space (sq.ft.) 4 30 506 1
(horizontal position)

Total Cost of Cylinders $38.00 $400.00 $3,584.00

Cost of Regulator and Flowmeter 40.50 40.50 40.50

Cost of Stored Gas 6.00 60.00 600.00 1 .

Total Cost $84.50 $500.50 $4,224.5o

Per Person Cost $ 8.45 $ 5.00 $ 4.23

A similar cost analysis performed in 1959 by the U.S. Naval Radiological
Defense Laboratory yielded a per person cost value of only $2.23 (in contrast
with $5.00). This source quoted the use of Navy stock cylinder's, regulators
and gas which may account for the discrepancy. (Ref. 80)

lI
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One means of reducing the cost of the oxygen supply is to develop a
dependable low cost regulator-flowmeter. It is realized that a needle valve
could be substituted for the regulator and reduce the cost from $30.t0 $10i,
but needle valves have the disadvantage of requiring frequent regulation.
and will develop full tank pressure in the event of plugged line or flowmeter.

4.1.3 Power

Neither chlorate candles nor high pressure gas cylinders require any
power.

4.1.4 Availability -

Oxygen is readily available from such distributors as the Air Reduction
Company, Air Products, :ic., Linde Company, Liquid.Carbonic Division of the
General Dynamics Corp., National Cylinder Gas, Thomas A. Edison Industries -
Medical Gas Division, and the Matheson Company.

Various producers of. high pressure oxygen cylinders include the Pressed
*Steel Tank Company, Harrisburg Steel Company, Taylor-Wharton Compay, .and the1' Marison Company.

* Chlorate candles are produced by the Maywood Chemical Works and Mine
Safety Appliance Company. These are not commercial items so very large
quantities are not readily available.

4.2 Carbon Dioxide Removal

The static absorption tests utilizing anhydrous lithium hydroxide as
described in Section 3.2 showed that this material had such an excessive
tendency. to dust that its use is not recommended. Lithium hydroxide could
be used in blower-canister systems but both soda-lime and Baralyme are
less expensive. Therefore, the use of soda-lime or Baralyme flower-canister
systems as described below are recommended for carbon dioxide absorption in
closed shelters.

4.2.1 Appncation

Cross-plots of Figures 27 and 28 were constructed in order to facilitate
the scale-up design of the bed lengths. These are shown in Figures 29 and 30
for soda-lime and Baralyme respectively. The vertical curve crossing the
constant reciprocal velocity curves again represents a locus of column para-
meters which will absorb the required amount Sf CO up to 24 hours. The
requirement is based on the figure of 0.85 ft° of garbon dioxide produced
per hour per man. For a 10-man design the total carbon dioxide production is
8.5 ft 3 per hour or at one per .ent this represents 85o ft 3 of shelter air per
hour which must be treated by the abaorbent. In a 24-hour period, the absorbent
should remove 22.6 pounds of carbon dioxide up to breakthrough at 0.1 per cent.
The actual column sizes which will give the required performance are listed in
Table 20.
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TABLE 20

SODA-,LIE.6 WORKING DESIGNS

- " " -,. 10 Men, 24. Hours•
L/V, Column Lb. Co Absorbed Column Absorbent Estimated.

Sec/ft Length per Lb. of Bed Diameter Weight- Pressure
.. In. In. Lb. Drop,. In. Water

1.87 42.5 0.251 9 90.7 2.5

*2.31 30.7 0.282 10 80.9 1.4

2.80 23.7 0.301 11 75.5 0.8

3.32 20.0 0.292 12 75.9 0.6

3.90 18.0 0.285 13. 80.1 0.4

BARAIL fl
l/V, Column Lb. CO Absorbed Column Absorbent Estimated

Sec/ft Length per Lb. of Bed Diameter Weight Pressure
In. ____-, In.. Lb. Drop, In. Water

1.87 36.0 0.29?2 9 76..8 3.0

2.31 30.0 0.301 10 79.0 2.1

2.795 25.5 0.298 11 81.3 1.3 H
3.325 21.6 0.290 12 82.0) 0.6

3.90 16.7 0.304 13 74.3 0.4

The possible experimental deviations and various conditions in actual
;use would probably smooth over the differences between the predlcted absor-

bent weights for each velocity. Since a scale-up method tas used to predict

the t.olumn diameters, the predicted weights (and therefore, lengths) will

be slightly lower than necessary in operation. This is due to the fact I "

that end effects will be realized with the smaller length to diameter ratios .

12ýi
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of the sealed-up columns. In order to include a safety factor in the design,
the column length may be increased to the desired percentage of safety. The
effect of increasing the length at a given diameter will be to increase the
capacity, the breakthrough time and the pressure drop.

Various column sizes are given in Table 21 in order to..emphasize the
fact that more than onesize will do the required Job. The best size depends[! on the criteria of Judgment which include power requirements (pressure drop),
columncosts and absorbent costs. The choice of the best column will depend
on an optimization of these variables for individual situations.

Soda-lime column sizes for 100-man shelters have been predicted with
the same design curves used for the ten-man system.-.The physical limits
for design are given by a maximum linear velocity of one foot per .second
and the minimum velocity.by the minimum length to diameter ratio. At high
velocities, soda-lime breaks down physically with the result of. channeling,
dust problems and low capacity. The column diameter is increased and the
length is reduced at lower velocities, the net result being an increasedJ !absorption capacity and a substantial saving of material. The apparent
optimum for s~da-lime is in length to diameter ratio (L/D) of approximately' 1.0. However, the experimental data do not show the-end effects of a siall
L/D because the column used here had an L/D much larger than this value. It
is. expected that actual capacities in small L/D columns will be somewhat less

" than predicted on the basis of the present experiments. Further experiments
on.a larger scale-would be necessary to determine the L/D below which end
effects are important and capacity is effected.

As shown in Table 21, working 24-hour designs have been categorized
into one, two and three separate units. A two-unit system consists of two
towers: in parallel with each having the capacity to treat one-half the flow
of a single unit. For a given linear velocity, the advantage of using 'two or
three units in parallel is to reduce the required column diameter. The reason
for doing this is to increase the .L/D and to bring the column to a practical
and readily available size. At the same time, two disadvantages which arise

tj with multiple units are increased column investment and increased power
requirement due to extra pipes and fittings.

The apparent best design for soda-lime considering factors mentioned
above is a two-tower system in parallel, 20-inch inside diameter and an
absorbent length of 44 inches. This requires a volume of 8 cubic feet and
463 pounds of absorbent for each unit (based on 58 lb. per cu. ft. bulk
density). Each unit can treat one percent C02 in air for 24 hours at a
rate of 4250 cu. ft. per hour or 0.541 foot per second superficial linear
velocity. Based on a pressure drop over the bed of 3.2 inches of water,
the total power required for both units is 0.0715 HP. These specifications

Ii do not include a safety factor for scale-up errors or other ubknown factors.
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TABLE 21

* SODA-LIME, -WORItNG DESIGNS

100 Men, 24 Hours

One Column

Column Area, ft 2 l/V, sec/ft Lb. CO2 Absorbed Packing Packing Estimated
- - -Diameter, in. per lb of Absorbent *Lenigth, in. Weight, lb Pressure

Drop, in.
Water

"* "20.8 2.36 1.0 0.167 120 1370 40
25.5 3.54 1.5 0.218 60 1027 9

29.4 4.72 P.0 0.262 38 867 2.5 fl

Two Columns

Specifications of One Unit

14.7 1018 1.0 0.167 120 685 40 1

18.0 1.77 1.5 0.218 60 514 9

* 20.8 2.36 2.0 0.262 38 434 2.5

23.3 2.95 2.5 0.292 27,5 392 1.1

Specifications of One Unit ,:

12.0 0.79 1.0 0.167 120 456 40

14.7 1°18 1.5 0.218 60 342 9
17.0 1.58 2.0 0.262 38 290 2.5

19.0 1.97 2.5 0.292 27.5 262 1,1-

20.8 2.36 3.0 0.301 22.3 254 06

1I2
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* I The same reasoning as applied to soda-lime columns also holds tr4e for
Baralyme. Colurn sizes for -.00 men and 24 hours are shown in Table 22. The
best design appears to be two columns in parallell each 20 inches inside

- diameter, 38 inches of packing and a total volume for each of 6.9 cu. ft.- The
weight of Baralyme is 400 pounds in each unit, and the pressure drop of 4.5 in.
water requires a total of 0.10 HP.

TABLE 22

1' ARALYM, WONCINO DISIONS
100 Men, 24 Hours

One Column

Column Area ft 2 1/V see/ft Lb. CO 2 Absorbed "Packing '.Packing rEstimaed

DiDmeter, in. per lb of Absorbent Length, in. Weight, Ib P s

, • .Water

.2505 1.75 1.5 0.270 50 8 Lo
30.0 2.91 2.08 0.298 739 3

23.3~~~3 12972.8.0232
Two Columns

Specifications 'of One Unit

18.0 71.77 1.5 0.270 50 28 10
I! 21.2 2.46 2.08 0.298 33 392 3

23.3 2.95 2.5 0.302 27 357 1.5

S~Three Columns

i i Specifications of One Unit

li 14.7 1.18 1.5 50 2o 10 -
17.4 1.64 2.08 0.298 33 262 /3

Ji 19.0 1.97 2.3 0.302 27 257 ,

20.8 2.36 3.0 0.292 24 274 1'.0
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In sizing columns for systems larger than 100-man capacity or for longer
perikds than 24 hours, it would be advisable to use multiple units of the 100-man
systems. The reason fo2 this is that columns of larger capacity would involve
large weights and cumbersome diameters of 3 feet and above. Thus, a 1000-man
system would contain two pairs of columns mentioned above and will require ten :
times the power.

4.2ý2 Cost

The cost of the recommended Carbon Dioxide absorbents is as follows:.

Baralyme

In quantities greater than 50 pounds the -price of Baralyme is $0.36 per
pound. Since 8 pounds are required per person for 24 hours, the man-hour cost
is $0.12. Thn USIRDL study referred to previously quotes a value of $2.10 per,
man-day or $0.088 per man-hour. (Ref. 81)

Soda-Lime

In drum quantities soda-lime can be purchased for $0.29 per pound. Since
8 pounds are required per person for 24 hours, the man-hour cost is $0.J.2.' The
USNMDL study quotes the same value of $2.10 per man-day.

4.2.3 Power f
The use of Baralyme or soda-lime requires a blower which is either manually

operated or electrically-powered if possible. Blowers suitable for this purpose
are manufantured by the Roots-Connorsville Blower Division of Dresser Industries,
Inc. and the Champion Blower & Forge Company, Inc. In order to maintain the
ca.rbon dioxide :Level at one per cent a circulation rate equal or greater than
100 CPH per person must pass through the'absorbent bed. -

Assuming a pressure drop of 1.0" H.0 from the blower to the bed outlet and
a rate of 100 CFM the theoretical horse ower requirement per person is 2.6 x 10-3 In.

4.2.4 Volume and Portability

Paralyme and soda-lime have bulk densities of 55 lbs/ft for 4/8 mesh material.
Since 8 pounds are required per person, the material volume per person is 0.17
cubic foot. The material should be prepackaged in the columns and sealed so that
it will not have to be handled by the shelterees. "

4.2.5 Ava!labilitI

The availability of the three carbon dioxide absorbents recommended, anhydrous
lithium hydroxide, Baralyme and soda-lime, are described below. Most chemical
firms were hesitant to specify their capacity in producing the chemical of interest.
Where this information was available it is mentioned below. fl

•8 [1
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Lithium .Hydoxide

I:The manufacturers of lithium hydroxide include: Foote Mineral Company,

Lithium Corporation Of America, Var-Lac-Oil Chemical Co., and Maywood Chemical
Sl Works. It is believed that most firms produce large amounts of the monphydrate,

LiOH H2 0, but only limited amounts of the anhydrous material. As an example
Foote Mineral Company can produce 750 tons/month of the monohydrate but at the
present tiwe are producing only small amounts of the anhydrous material which
passes U.S.. Navy specifications MIL-L-20230. Foote Mineral Company will be
able to produce large additional amounts of the anhydrous material within a
few months.

Maywood Chemical Works is presently marketing four-pound packages of LiOH

for family shelter use. under the trade name. Granlox.

Baralyme

Baralyme is marketed only by the Medical Gas Division of the Thomas A.
Edison Industries. A realistic figure of the present capacity is approximately
20 tons/month. They estimate that their plant capacity could be increased
50 tons per month.

U -- - Soda-Lime

The soda-lime producers include the Mallinktodt Chemica.l Works and Dewey
and Almy Division of W. R.Grace and Company. 'No data Is available on plant-.
capacities but soda-lime is believed to be available in large quantities because
it is widely used in hospital breathing apparatus.

4.3 Odor and Contaminant Removal

Traces of toxic substances must be removed from a shelter to prevent injury
to the health of the persons within the shelter and obnoxious substances must be
removed for-the purpose of maintaining comfort. Generally both properties are .

I: contributed from the same compound.

Practically all of the contaminants found within a shelter would be removed-
by activated carbon. The exception is carbon monoxide and a few low molecular
weight gases. Acid gases such as hydrogen sulfide will be removed by the carbon
dioxide absorber and thus present no special problems.

Special processes are required for the removal of carbon monoxide. These
include catalytic oxidation with Hopcalite, palladium deposited on silica gel, a
hot platinum wire, or absorption in a solution of a cuprous chloride in-hydro-

* •chloric acid also accomplishes the absorption.

1129
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4.3.1 Application

Activated carbon may be used passively by containing the material in fine .

mesh bags which can be distributed throughout the shelter or near places where" i ~odors originate. In a family shelter this would probably be the Only. odor I

control needed. If a simple low cost carbon monoxide eliminator were developed,
this would add to the safety of the family shelter.

Shelters designed for 100 persons or more would probably' have an air
circulation system in which canisters of activated carbon could be connected.
Otherwise the absorbent could be used passively as recommended for familyS~~shelters. " )

The larger shelters should also have some means of providing carbQn monoxide
control. The possible means of-accomplishing this would'be the development ofa
satisfactory catalytic combustion unit or chemical absorber.

Si! • ~~~Abso~rberOdrab'.

Manual or Powered
Blower

4.3.2 Costs

Assuming that one-half pound of activated carbon was furnished per person
at cost of $0.65 per pound, the cost per person would be apprdxim'ately $0.33.
This would vary depending upon the quantity of purchases.

Hopcalite is not sold as such but only in catalytic oxidation units designed 1 .
and constructed by the Mine Safety Appliance Corporation.

I1I
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4.3.3 Power

Power is not required for contaminant removal, however, if it is available
the adsorbent can be added to a blower-canister system.

4.3.4 Volume and Portability

'The volume of activated carbon required is very small. One cubic foot would
take care of 70 - 100 persons. Its low density would result in ease of handling.

The size and weight of other units would depend upon their design.

4.3.5 Availability

Activated carbon is readily available from commercial sources. These include

Barneby-Cheney Company,. Pittsburg Coke and Chemical Company, Allied Chemical Corps,
Atlas Chemical Industries, National Carbon-Co., Mallinkrodt Chermical Works,
Collier Carbon and Chemical Corp., and American Norit Co. Hopcalite i1- available
only through the Mine Safety Appliance Corporation.

4.4 Thermal Control Equipment

As shown in Section 2.4 thermal control equipment may be required in many

cases dependent upon the heat gain per unit area of- wall surface, initial soil
"temperature, and the soil thermal properties. For purposes of equipment sizing
the estimated dimensions for three classes of shelters and the estimated total
heat gain are listed in Table 23. The averageheat per person fdr the family
shelters is larger because of the possible use of chlorate candles (recommended

* for oxygen supply for shelters occupied by less than fivefpersons), and the need
for desiccants, which are exothermie, for moisture control.

The method of Reference 70 is again used to estimate the heat loss through
the shelter walls so that the thermal equipment may be sized accordingly. The
equation is shown below.

q f(P, N) e U'/R

where, q = soil heat absorptIon rate, decreasing with
time, Btu/hr-ft t

e0 temperature difference, air temperature to be
maintained in the shelter minus initial soil
temperature, OF

- I U' coefficient of heat trans er between conditioned
space and wall, Btu/hr-ft -OP

I.
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R factor involving the ratio of the volume of
heated soil around an equivalent cylinder or
sphere to that around the actual configuration

-F value to account for the decreasing heat transferb
with time due to the increase in soil temperature

N = value to account for the ratio of the film
conductance to the soil conductivity.

TABLE 23

ESTIMATED DATA FOR HEAT LOSS CALCULATIONS "l
"(construction Material -. 3-inch Concrete)

.helter Dimensions Heat Gain Heat Rate/Unit Area I.)
10-man 10 ft x 12 ft x 8 ft 7,000 Btu/hr 11.8 itu/hr-ft

., --• 100-man 30 ft x 4&irvft 8 ft 60,000 17.0

1000'-man 2.00ft x 120 ft x 8 ft 600,000 21.8

For .periods as short as 24 hours the value of the function, f(F. N) (Ref. 70)
is so nearly equivalent to unity that it may be neglected for purposes of
simplicity. Thp material of construction in all cases is agsumied to be 3-inch
"concrete which yields a reasonably high U1 of 0.6 Btu/hr-ft -07.
An initial soil temperature of 55"F is assumed. Internal air properties to-be
maintained are 750F DBT and 65wF WBT (70.40F ET).

S4,4.1 Ton.-Man Shelters

Table 23 shows that a heat dissipation rate through the shelter walls of
11,8 Btu/hr-ftý2 is required. The actual heat transfer rate, q is estimated ae f)
below.

q 0•.6sl (. is obtained from Ref. 70) .

12= l25 Btu/hr-ft2

This shows that the walls should be able to conduct heat away at a rate
"sufficient to maintain a dry bulb temperature of 75*F. A desiccant is recommended
for control of relative humidity as described in the- tollowing sections.
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4.4.1.1 Aplction - The moisture in the shelters can be satisfactorily
controlled by using calcium chloride in a static system. This is accomplished by
placing the desiccant in sacks above a pan to catch the drippings of hydrate. The
equilibrium moisture at fifty per cent relative humidity is 1.8 pounds of water per
pound of chloride. Thus, the minimum amount of desiccant required to control five
pounds of water is 2.8 pounds. This is an equilibrium condition and can be reached
only after a long period of time.- Therefore, an excess of calcium chloride is

necessary. Four pounds per person is considered to be sufficient.

4.4.1.2 Costs - The cost of calcium chloride varies from $0.08 per

Spound for a single =pound bag to $0.02 per pound in carload quantities. Below
is the price per pound for 94-97 per cent calcium chloride from Dow Chemical
Company.

No. of 80 lb. bags Cost per pound

1 $o 0825
S2 0.0685

3-4 o.o646

5-6 0C0585
7-12 0.0545

13 and over 0.0388

The cost of a suitable cloth container and dripping cather or pan should
be approximately $2,00.. An estimation is that one of these units should be
furnished for every 40-pound bag.

4.4.1.3 Power - The use of calcium chloride to remove moisture requires
no power.

4.4.1.4 Volume and Portability - One 40-pound sack is sufficient for
10 occupants.

4.4.1.5 Availability - Calcium chloride is readily available from a a
number of chemical companies. These include: Allied Chemical Corp., Dow Chemical
Co., Harshaw Chemical Co., Pittsburgh Plate Glass Co., Wyandotte Chemical Corp.
and Eagle-Picher Company.

4.4.2 Hundred-Man Shelters

Table •-23 shows that a heat transfer rate through the walls of 17 Btu/hr-ft 2

is required for 100-man shelters. The actual heat transfer rate, q, is estimated _4

below.
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u'1 0.6 Btu/~2r-ft
2  - F x 20-FU'q06Buh-t Fx2o (R is obtained from Ref. 70)

q R 0.935 o

1 12.85 Btu/hr-ft
2

Since the required amount of heat cannot be transferred through thqi shelter
walls some type of refrigeration system is required during the peribd of closure,
This system should be designed to operate over the entire period of occupancy.
For long periods of occupancy the transfer of heat through the wall gradually
decreases due to the warming of the soil. The total refrigeration capacity
should then be based upon the total load, assuming no heat is transferred
through the walls, Also t6 be considered is that- the ventilation system will'
be opened after 24 to 48 hours. The refrigeration capacity for a hundred-man
shelter and 3 CVM per person is 4.17 tons based on outside conditions of'95*F
DBT and 80 0F WBT, an& shelter conditions of 85*F DBT and 72 0F WBT (78OF ET).

The load Oas calculated in the following manner:

Occupants -[

100 @ 400 Btu/hr-occupant - 4 .000

S(0.1 watt/ft 2 )(1200 ft 2 )(3.41) - 410

Air Load

Sensible: (3-cr4/Occupant)(l00)(95-85)(1.08) 3,240

Latent: (3)(100)(131-98)(0.68) J

Total 50,390 Btu/yr.
or

4.17 Tons

4.4.2.1 AWication -A nominal 5-HP self-contained unit as manu-factured by Carrier Comp., rYok Corp., the Trane Co., or equal is suggested for
a 100-man shelter. The' unit shall have a total dehumidified air supply of 2100
CYM, of which 1800 CFM is return air, and 300 CFM is outside air. Methods of
air supply and return are being investigated under Contract OCD-OS-62-134. A
1/2-HP fan motor is required for the above unit. The Carrier Model No. is 50R6
and has the following dimensions:

Height - 64 in.

Width - 43 in. -
Depth -24 in. *

> I'
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If water is available and the condenser tubes are clean, 4 GTM and 7.5 GPM
are required for 651F and 850F entering water temperatures, respectively at a
condensing temperature of 110°F. The water pressure drop through the condenser
at 4 GPM and 7.5 GPM is 0.6 psi and 1.8 psi, respectively. :If water is not
available, other heat sinks should be investigated. Each shelter site villire-
quire a'study to determine a feasible heat sink. In selecting the heat sink
costs should be given consideration.

4.4.2.2 Cost - The Carrier 50R6 distributor cost is approximately
$780 for the base L=it. Discharge grilles, a return air base, and a heating
coil, if desired, would be extra. The cost of the system installed without
considering the power source, heating coil, and duct work _is estimated to be
$1200 or $12 per person.

4.4.2.3 Power Requirements - The power requirements are as follows:

Compressor - 5 HP or 3.73 KW

PI Fan Motor - 1/2 HP or .37 KW

Pump Motor - 1/12 HP or .07KW

Total 4.17 KW

With a shelter equipped with a power source, the compressor and pump power
requirements of 3.8 KW could be utilized for tempering the -utside air during
the winter season. An electrical heater based on 300 CFM and 3.8 KW would have
a capacity of tempering the outside air 40 degrees Fahrenheit.

4.4.3 Thousand-Man Shelter

As shown in Section 4.4.2.1 the refrigeration load per occupant is 504 Btu/hr.
Therefore, the installed capacity for a 1000-man shelter is 504,000 Btu/hror
42 tons. The total dehumidified air quantity is 20,000 CFM; 3,000 CFM outside
air and 17,000 CFM return air. Based on a shelter area of 12,000 square feet as
indicated in Table 23, the CFM per sq. ft. is 1.67.

4.4-.3.1 Application - A Carrier Model 41EE044 (540,000 Btu/hr Nominal
Capacity) with a shell and coil condenser is applicable to shelters which have
a water source. The condenser water requirements based on a 110OF condensing
temperature, 65e' entering water, and clean tubes, is 34 GPM. For entering water
of 85*F the water requirement is 62 GPM. Model 41EG044 is available for applica-
tion with a remote air cooled condenser or an evaporative condenser. The type
of condenser to be used on each shelter must be determined upon surveying each
site. The physical size of the unit is as follows:
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Air Discharge

Verti cal Horizontal

Width lo'-6-1/2" 101-6-1/2"

Depth 3-1o-1/21" 6 3

Height 8 -10" 6s.-3-3/411

4.4.3.2 Costs - The cost of the nominal 45-ton self-contained unit
with a water-cooled condenser is approximately $6,800. The insfalled cost per
occupant without considering the power source 'and the ductwork, is from $1.i to $12.

4.3-3.3 Power Requirements•- The installed power requirements for the

mechanical refrigeration unit is as follows:

Compressors -- 40.8 KW

Fan Motor 7-1/2 HP 5.6 KWl- f
Pump Motor 1/4 HP 0.2KW XW

Total 46.6KW

14.5 Alternate Method

As an alternate to closure of the ventilation system intake, the possibility
of supplying outside air frcm a remote intake has been considered. This intake .
would have to be positioned in an area relatively devoid of combustible matter so
that the air drawn into the shelter would be reasonably cool and free of dangerous
combustion gases. H

Figure 2. on page 6 shows that at least 3 ft 3/min of fresh air are required
per person to insure safe levels of oxygen and carbon dioxide. It is impossible
to predict the temperature of this incoming air but it is assumed that some means .
of cooling the air would be required. If the outside air temperature were 500°F,
"and the desired inlet temperature were 75"F, then approximately 11.5 tons of
cooling would be required for a 100-man shelter. H

Xt has been suggested that the air be drawn through long underground ducts
to lower the air temperature by heat rejection to the relatively cool soil. A
study of the pertinent literature has shown, however, that excessively long
lengths of pipe (on the order of 300 ft for one ton) would be required. (Ref. 83)

Since the outside air is to be used for ventilation, an air cycle refrigera-
tion system is well suited to this application in spite of its slightly higher
power requirements as compared to the vapor compression system.
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It must be emphasized that a great danger is inherent in the alternate
Ssystem; namely, dangerous combustion products may be unknowingly drawn into the

shelter via the ventilation duct. As a safeguard to this possibility it is
suggested that the incoming air be sucked through a large transparent canister

I of: indicating carbon dioxide absorbent, such as soda-lime or Baralyme. If the
I absorbent were seen to change color, indicating the presence of carbon dioxide

in the outside air, the system would be shut down and the internal environmental
control system utilized. In this manner any carbon dioxide present in the ambient
gases drawn into the shelter would be absorbed before enteringthe shelter.

To guarantee that the outside air does not contain dangerous amounts of
carbon monoxide'; a sensor-alarm to warn the inhabitants is required.
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